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Notation 
 
Roman 
A  : local node 
A  : anchorage area 
A  : cross-sectional area 
A~  : modified cross-sectional area 
b  : width 
B  : local node 
B  : strain distribution matrix 
D  : multiplication factor 
e  : eccentricity 
E  : modulus of elasticity 
f  : distributed load 
f  : force vector 
g  : gap 
G  : shear modulus 
h  : height 
I  : moment of inertia 
I~  : modified moment of inertia 
k  : nail stiffness parameter 
k  : constant 
kk  : nail stiffness parameter 
l  : length of joint line 
L  : length 
M  : moment 
n  : arbitrary number 
n  : number of beams 
N  : axial force 
N  : displacement distribution matrix 
p  : load 
p  : load vector 
P  : load 
0p  : nail stiffness parameter 
 
vi 
q  : vector 
r  : distance 
R  : strength 
R  : transformation matrix 
s  : standard deviation 
S~  : modified static moment 
t  : thickness 
T  : transformation matrix 
u  : displacement 
u  : displacement vector 
v  : displacement 
V  : shear force 
w  : displacement 
W  : rotational section modulus 
x  : plate main direction 
y  : mean value 
y  : direction perpendicular to plate main direction 
 
Greek 
α  : constant 
α  : rotation 
α  : angle between main plate direction and force direction 
β  : angle between force direction and grain direction 
γ  : angle between plate main direction and joint line 
δ  : increment 
∆  : displacement 
∆  : displacement vector 
ε  : strain 
ζ  : nail density 
θ  : angle between global direction and plate main direction 
κ  : curvature 
λ  : load scale factor 
ν  : poisson ratio 
σ  : axial stress 
τ  : shear stress 
ϑ  : angle between grain direction and force direction 
ϕ  : angle between global direction and local direction 
Φ  : shear deformation 
Χ  : multiplication factor 
ψ  : angle between global direction and force direction 
ω  : angle between global direction and grain direction 
ℑ  : multiplication factor 
 
 
 vii 
Superscripts 
e  : external 
elem  : element 
int  : internal 
T  : transpose of a matrix 
 
Subscripts 
1 : direction 
1 : local node number 
2  : direction 
2  : local node number 
A  : local node 
b  : beam 
B  : local node 
c  : contact 
c  : compression 
d  : design 
ef  : effective 
est  : estimated 
F  : force 
g  : global 
i  : nail number 
j  : component number 
k  : characteristic 
l  : local 
m  : bending 
max  : maximum 
M  : moment 
p  : plastic 
p  : plate 
par  : parallel 
perp  : perpendicular 
S  : secant 
t  : tension 
T  : tangent 
u  : ultimate 
v  : shear 
x  : direction 
y  : direction 
y  : yield 
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1 Introduction 
 
Prefabricated timber trusses are widely used as load-bearing structures in roof 
construction - not only in Denmark but world wide. 
Most of the timber trusses are manufactured with joints with prefabricated punched 
metal plate fasteners. The punched metal plate fasteners are produced from thin 
steel plates (1-3 mm) in which a large number of nails are stamped, see figure 1.1 
where a MiTek GNA20S nail plate is shown. In this thesis the word nail plate is 
used for these punched metal plate fasteners. The main direction of a nail plate 
corresponds to the stronger of the two directions when the nail plate is subjected to 
pure tension. The joints of a truss are made by pressing one nail plate on both sides 
of the truss into the timber members. 
 
Figure 1.1. GNA20S nail plate. 
Within recent years a new type of truss – the frame truss - has become more 
frequently used in Denmark. The frame truss is an alternative to the attic truss, see 
figure 1.2. 
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Figure 1.2. Frame truss versus attic truss. 
The advantage of the frame truss is that it allows a better utilization of the upper 
floor and many architects find that use of the frame truss leads to more attractive 
buildings. 
The strength and stiffness of the knee joints (joint between the rafter and the leg) is, 
however, of vital importance to the performance and therefore also the 
practicability of the frame truss. It is important that the stiffness of the knee joint is 
high enough to ensure that the neighbouring building parts (often a brick wall on 
the outside of the frame truss) is not subjected to large deflections. 
More information about these knee joints is needed to expand the use of frame 
trusses and to produce frame trusses with larger spans. 
During the last 10 years different projects at Aalborg University have analysed the 
frame truss and the knee joint as a part of the frame truss. The results from two of 
these projects are presented in the following section. 
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1.1 Results of Previous Research on Frame Trusses 
In 1990 a series of full-scale tests with frame trusses was performed at Aalborg 
University. A brief summary of these test results is given in this section – for 
further details see Hansen, F. T., Mortensen, N. L. & Hansen, L. P. (1990). The 
span of the frame trusses was 7 m and static loads were applied in the first stage of 
testing, and in the second stage dynamic loads were applied. The testing was 
stopped prior to failure in the first stage. 
Three different types of frame trusses were tested (with three test specimens of 
each type). The only difference between the three test series was the design of the 
knee joint, see figure 1.3. 
 
Figure 1.3. Full-scale frame trusses subjected to static and dynamic loads. 
Dimensions in mm. Timber quality K24. t: thickness. 
In test series 1 the knee joint is produced with nail plates, in test series 2 the joint is 
made with steel plates perforated with holes (BMF nail plate) in which separate 
nails are used, and in test series 3 a specially produced steel plate with separate 
nails is used. All three types of knee joints have been used as parts of frame trusses 
in real buildings. 
The static load corresponds to dead load + characteristic wind load. From the static 
tests it was concluded that the stiffness of test series 1 and 3 is almost identical and 
that the stiffness of test series 2 is 37% smaller. Comparing the manufacturing costs 
of test series 1 and 3, it seems that the solution with nail plates is preferable. 
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The results from the dynamic tests show, however, that test series 1 failed while 
test series 2 and 3 did not fail. The failures of test series 1 were often due to cracks 
in/splitting of the timber beams. In the rafter the cracks developed at the end of the 
rafter parallel to the grain direction. In the leg the cracks were observed in the 
middle of the beam parallel to the grain direction. One way to avoid these cracks 
could be to produce the frame truss with overhang and to produce the leg of two 
beams jointed with nail plates. Before testing these cracks were observed as 
shrinkage cracks. 
In 1992 six different knee joint sections of a frame truss were tested at Aalborg 
University, see figure 1.4. For a detailed description see the test report Mortensen, 
N. L. & Kloch, S. (1992). 
 
Figure 1.4. Tests series with knee joints performed in 1992. Dimensions in mm. 
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The test series 2 and 3 are similar to those of the full-scale tests shown in figure 
1.3. The test series 4, 4a and 5 are manufactured in order to improve the knee joint 
type with nail plates. There were three test specimens in each test series. 
The load is applied as illustrated in figure 1.4 and the average values of the failure 
moments ( eP ⋅max ) for each test series are listed in table 1.1. 
Test series 1 2 3 4 4a 5 
Average failure moment [kNm] 4.7 4.8 9.7 5.8 8.3 11.6 
Table 1.1. Failure moments for the test series. 
During testing it was found that it is important to locate the nail plates as closely to 
the top of the rafter as possible to avoid splitting in the rafter, consider test series 4a 
versus test series 4. 
The stiffness of test series 1 and 2 is almost identical, whereas the stiffness is 
doubled in test series 3 and 4. A further increase of 25% in the stiffness is observed 
for test series 4a and 5. 
1.2 Different Methods of Truss Modelling 
Besides the testing of the knee joints it is important that the stiffness and the load 
capacities of the knee joints can be predicted by e.g. a finite element program or by 
analytical calculations. However, to get a detailed description of the behaviour of 
knee joints, which is a relatively complex joint, calculations with finite element 
programs are considered to lead to the most accurate results. 
In general the finite element models for timber trusses are based on plane frame 
models where the timber beams are modelled by beam elements. The main 
differences between the models are found in the joint modelling. 
In this section four of the different methods of truss modelling are presented. 
Model 1: In this model the joints can be either pinned or rigid. To take the 
deformations of the joints into account, a reduced modulus of elasticity is used for 
the webs of a truss, see figure 1.5. 
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Top chord
Webs
Fictitious beam elements with
reduced modulus of elasticity
taking the deformations of the
joints into account
 
Figure 1.5. Model 1 for joint modelling – joint between rafter and two webs. 
The model is implemented in the program Purdue Plane Structures Analyser II that 
is described in Suddarth, S. K. & Wolfe, R. W. (1983).  
Model 2: In Denmark the most frequently used finite element models for design of 
timber trusses are based on models with fictitious elements. The joints can be either 
pinned or rigid and to add some kind of semi-rigidity a fictitious bar element is 
added, see figure 1.6. 
Top chord
Fictitious bar
element
    
    
Bottom chord  
Figure 1.6. Model 2 used for joint modelling – heel joint. 
The properties of the fictitious elements have to be estimated and also the location 
must be determined. A description of how fictitious elements can be used is given 
in, Riberholt, H. (1982) and Riberholt, H. (1989). 
Model 3: The stiffness of the joints is taken into account by two translation springs 
and one rotation spring. The springs behave as mutual independent and the size of 
the nail plate is included in the stiffness values of the springs, see Maraghechi, K. 
& Itani, R. Y. (1984). An example of a spring model is shown in figure 1.7. 
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Top chord
Web
The springs connect
two nodes with
identical location
 
Figure 1.7. Model 3 used for joint modelling – joint between rafter and web. 
In e.g. Olsson, A. & Rosenqvist, F. (1996) this model has been further developed by 
assuming that each of the nail groups is modelled by three springs. 
Normally the springs act as linear elastic, but expressions for semi-rigidity of the 
nail groups are given in Kevarinmäki, Ari (2000). 
Model 4: In 1977 Foschi presented a model for joints with nail plates, see Foschi, 
R. O. (1977). The model is based on special elements used to take the deformations 
of the joints into account. Nail elements are used to model the stiffness of nail 
groups and a plate element is used to describe the stiffness and deformation of the 
nail plate over the joint line, see figure 1.8. The plate element connects the two nail 
elements. Furthermore, a contact element is used to transfer possible contact forces 
between timber members. 
                                                                            
                                                                            
                                                                            
                                                                            
                                                                            
                                                                            
Contact element and
reference nodes
Beam element
Nail
elements
Plate
element
Node
Auxiliary
element  
Figure 1.8. Model 4 used for joint modelling – heel joint. 
Both the nail element and the plate element are based on nonlinear material 
properties. 
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The Foschi model has been implemented in the finite element program called SAT 
(Structural Analysis of Trusses) and a modified version is given in Nielsen, J. 
(1996). In the modified version by Nielsen the use of the special nail, plate and 
contact elements is unchanged, but some changes are made to the elements. 
1.2.1 Requirements for the Model - Choice of Model 
Since the stiffness of the knee joint is of vital importance for the behaviour of the 
frame truss it is considered that the finite element model must take the stiffness of 
the joints into account. To do this in the most accurate way it is decided that the 
joints must have nonlinear material properties. 
Furthermore, semi-rigid behaviour of the joints may lead to more economical 
structures, see Larsen, H. J. & Jensen, J. L. (2000). The importance of semi-rigid 
joints is also described in Kevarinmäki, Ari (2000) and Triche, M. H. (1993). 
Due to the complex types of knee joints, where two or more legs are connected 
with several nail plates, it is also considered that the model must take the size and 
location of all nail plates into account. The model should also deal with contact 
forces, since large contact forces may be transferred in a knee joint. 
Considering the requirements for the model it seems that the Foschi model forms 
the best basis for development of the knee joint as a part of the frame truss. In 
addition to the advantages of the Foschi model it predicts the sectional forces in all 
the nail plates directly. 
1.3 Scope of the Thesis 
The scopes of this thesis are: 
• Further development of the Foschi model to predict the stiffness and 
strength of timber joints/trusses with nail plates. 
• To increase the knowledge of knee joints further and to compare the 
model with results from tests with knee joints. 
The basis for the model is given in Foschi, R. O. (1977) and in Nielsen, J. (1996) 
and the further developments have been made in the following areas: 
• Plate element: A method to determine the geometry and the properties of the 
plate element is given. This has led to a modified plate element that consists 
of two types of steel beams, whereas only one beam type is considered in the 
models by Foschi and Nielsen. 
• Nail element: A method to determine the stiffness of nail groups with 
arbitrary linear lines as boundaries is implemented in the model. 
Introduction 
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• Contact element: The contact element is modified to predict a probable 
increase of the contact area in the contact zone. The material properties of 
the contact element are changed from being linear elastic to being bilinear 
elastic. 
Before testing the rather complex knee joints it is considered important that the 
model predicts the stiffness and strength of “simple” tension, shear and 
compression tests relatively accurately. Therefore, 234 tests with one type of nail 
plate have been performed and compared with the modified model. The modified 
model is named TRUSSLAB (the name emerges from TRUSSes and matLAB – the 
finite element program is set up as a package under MATLAB). 
24 different types of knee joints (60 test specimens) have been tested in order to 
find a stiff and strong type of knee joint and in order to verify the TRUSSLAB 
model. The tests are performed with a fixed roof slope of 45º. The height of the leg 
in the tests is 1000 mm and the length of the rafter is 2000 mm. It is further 
assumed that the frame truss is supported at the outer corner of the leg on a fixed 
support and that the truss is produced without overhang (which is considered to be 
on the safe side due to the increased risk of splitting in the rafter). 
This thesis concentrates on the behaviour of the nail plate and contact between 
timber members. The properties of and the failure modes in the timber are given 
less priority. Only two types of nail plates are considered – the GNA20S and the 
GNT150S from MiTek – and the timber used in the tests is spruce. 
Some simple calculations by hand for the most promising types of the knee joints 
are also set up. The calculations are performed with sectional forces determined by 
a “simple” finite element model that only uses beam elements (the calculations are 
made for practical use by the truss manufacturers). 
1.4 Reader’s Guide 
In chapter 2 the theory behind the finite element model TRUSSLAB is given. 
In chapter 3 and chapter 4 the properties of the nail and plate elements are 
determined for the MiTek GNA20S and MiTek GNT150S nail plate, respectively. 
Furthermore, the stiffness and strength of the GNA20S nail plate attained from 
additional tests are compared with predictions given by TRUSSLAB. A test 
description for these tests is given in appendix A and some pictures from the tests 
are shown in appendix B. 
In chapter 5 the knee joint is analysed – via tests and via numerical models in 
TRUSSLAB. A test description for these tests is given in appendix C together with 
detailed drawings of the test specimens. 
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The most promising type of knee joint, found in chapter 5, is used in the analysis of 
a frame truss in chapter 6. The behaviour of the frame truss is analysed considering 
both the displacements of the truss and the strength. 
To show some of the applications that can be achieved by a model as TRUSSLAB 
the influence of chord splices in two types of trusses is analysed in chapter 7. 
Chapter 8 contains the conclusions of the thesis and in chapter 9 a summary is 
given in Danish. 
The references are listed in chapter 10 and the calculations of the knee joints aimed 
for the truss manufacturers are given in appendix D. 
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2  The Finite Element Model TRUSSLAB 
 
The idea and the theory behind the finite element model TRUSSLAB are described 
in this chapter. The solution techniques used to solve the equations are also 
presented. 
The finite element model is made as a package under the programme MATLAB – 
The Language of Technical Computing. TRUSSLAB can be used for analysis of 
timber structures with joints of punched metal plate fasteners (nail plates). 
The theory behind TRUSSLAB is in general based on the ideas of joint modelling 
proposed by R. O. Foschi, see Foschi, R. O. (1977) and Foschi, R. O. (1979). J. 
Nielsen developed some of the elements further and presented the work in the 
Ph.D.-thesis, Nielsen, J. (1996). These improvements also form the basic of the 
TRUSSLAB model where additional modifications have been implemented. 
A heel joint of a timber truss is used to describe the different special elements that 
are used in the joint modelling. The heel joint is shown in figure 2.1. The outer 
boundaries for the top chord and the bottom chord are shown as dashed lines. 
                                                                                
                                                                                
                                                                                
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Contact element and
reference nodes
Beam element
Nail
elements
Plate
element
Node
Auxiliary
element  
Figure 2.1. Heel joint used to explain the use of elements in TRUSSLAB. 
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Beam elements are used to model the timber members. The elements are located in 
the system line. Beam elements are also used as auxiliary elements. These auxiliary 
elements are used to transfer forces from nail groups to the system lines. 
The stiffness of nail groups is taken into account via special nail elements. The nail 
elements connect beam elements with plate elements. 
The behaviour of the nail plate over the joint line is modelled by a plate element. A 
plate element connects two nail elements. The nodes of a plate element and the 
corresponding nail elements are located at the centre of the respective nail groups. 
Contact between timber members is modelled by a contact element. If there is an 
initial gap between the timber members the contact element is not activated until 
this gap is closed. The contact element refers to two nodes. 
TRUSSLAB is a plane frame finite element programme with three degrees of 
freedom for each node: two displacements and one rotation. 
2.1 Beam Element 
Consider the beam element in figure 2.2. The global axes are given by gx  and 
gy and the local axes by lx  and ly  ( lx  is parallel to the beam direction). The angle 
between global and local is noted by ϕ  and the beam element direction is from 
node 1 to node 2. 
2Q V
M α
N 1
1 1
1
V11
bL
2
x
22N U
2M α2
L
yg
fx1
yl
xg
xl
fy1
fx2
fy2
N1  u1
f
2  u2
V1  v1
M1  a1
V2  v2
M2  a2
1
2
 
Figure 2.2. Beam element with notation of node forces and node displacements. 
The beam element is subjected to the distributed loads xf  and yf . 
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The local element forces and the local displacements at the ends of the beam 
element are assembled in the vectors f  and u : 
 [ ] TMVNMVN 222111=f  (2.1) 
 [ ] Tvuvu 222111 αα=u  (2.2) 
Considering Timoshenko beam theory the distributed loads xf  and yf  result in 
forces at the beam ends given by: 
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elemf  (2.3) 
where Φ , for a rectangular cross section, is determined as: 
 2
6
5
12
GAL
EI
=Φ  (2.4) 
E is the modulus of elasticity of the beam material and I is the moment of inertia. A 
is the cross-sectional area and G is the shear modulus. Formula (2.3) is derived 
when considering a small beam section and setting up the kinematic conditions, the 
constitutive relations and the equilibrium conditions. 
The local relation between the element forces and the displacements is given by: 
 Kuff elem +=  (2.5) 
K  is the local stiffness matrix for the beam element. For a Timoshenko beam K  is 
given by: 
Analysis of Timber Joints with Punched Metal Plate Fasteners – with Focus on Knee Joints 
 14
 






















−
−−
−
=
Φ+
Φ+
Φ+Φ+
Φ−
Φ+
Φ+Φ+Φ+
Φ+
Φ+
Φ+
Φ+
L
EI
L
EI
L
EI
L
EI
L
EI
L
EI
L
EI
L
EA
L
EA
L
EI
L
EI
L
EI
L
EA
sym
1
4
)1(1
2
)1(
)1()1()1(
1
4
)1(
)1(
22
323
2
3
6060
1206120
00
60
.120
K  (2.6) 
With the expressions in formula (2.6) the properties of the beam is assumed to be 
linear elastic. With 0=Φ  the theory of a Bernoulli beam is attained. 
As input in TRUSSLAB the following parameters are needed for each beam 
element: E, I, A, G, L. 
2.1.1 Failure Conditions for Beam Elements 
For the timber beams in TRUSSLAB the following failure conditions are 
implemented according to Eurocode 5 (2001) and DS 413 (1998): 
Tension:    tt f<σ  
Compression:   cc f<σ  
Bending:    mm f<σ  
Bending and tension:  0.1<+
t
t
m
m
ff
σσ  
Bending and compression:  0.1<+
c
c
m
m
ff
σσ  
Shear:     vf<τ  
 
where tσ , cσ , mσ  and τ  are, respectively, the tension, compression, bending and 
shear stresses, determined by elasticity theory and the values of tf , cf , mf  and vf  
are the corresponding strength values. 
The failure check is performed after each load step and at n+2 points along each 
beam element where n is an arbitrary number given for input into TRUSSLAB. 
Failure conditions with respect to instability are not included in TRUSSLAB. 
2.2 Nail Element 
Consider the nail plate area ABCD in figure 2.3. The nail plate area is located on a 
beam. 
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Figure 2.3. Plate area ABCD on a beam. 
A local coordinate system ll yx ,  follows the grain direction and is rotated the angle 
ϕ  from the global system given by gx  and gy . 
The displacements of the nail plate are given by pu , pv  and pα  at location p 
),( pp yx  and the displacements of the beam are given by bu , bv  and bα  at location 
b ),( bb yx . 
A nail at point i ),( ii yx  is considered. It is assumed that the beam and the nail plate 
perform stiff-body motions and that the rotations bα  and pα  are small. The relative 
displacements of the nail at point i are given by (differences between the 
displacements of the beam and the nail plate at point i): 
 uqx
Tx =∆  (2.7) 
 uqy
Ty =∆  (2.8) 
where: 
 [ ] Tbipi yyyy )(01)(01 −−−−=xq  (2.9) 
 [ ] Tbipi xxxx )(10)(10 −−−−=yq  (2.10) 
 [ ] Tbbbppp vuvu αα=u  (2.11) 
The absolute displacement ∆  of nail i is given by: 
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 22 yx ∆+∆=∆  (2.12) 
The force p on nail i is assumed to be a function of the displacement ∆  and is 
determined by, see also Foschi, R. O. (1977): 
 










 ∆⋅−
−∆⋅+=∆
0
0 exp1)()( p
kkkpp  (2.13) 
The stiffness parameters k , kk  and 0p  are defined in figure 2.4. 
 
Figure 2.4. The nail force as a function of the displacement of the nail. 
Besides the nail plate type the stiffness parameters are dependent on the angles 
between the grain direction, the main direction of the nail plate and the force 
direction. This dependence is described later in this section. The load-displacement 
curve shown in figure 2.4 is identical both during loading and during unloading, if 
any. However, this is only true if the load level is still on the elastic part of the 
load-displacement curve. Unloading may be possible in cases where contact is 
established. 
The principle of virtual work is used to determine the contributions from the nail 
plate area ABCD to the stiffness. Consider figure 2.5. 
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Figure 2.5. Force and virtual displacement of nail i. 
The nail at location i was displaced the distance ∆  in the direction that forms an 
angle ϑ  with the lx -axis. The force required to perform this displacement is 
denoted p . It is assumed that p  is parallel to ∆ , which is only true for an isotropic 
material. However, in Nielsen, J. (1996) and in Jensen, J. L. (1994) it is found that 
this assumption is good as the angle between p  and ∆  is small. 
A virtual displacement ∆δ  of nail i is caused by a small variation in one of the 
displacement components of the displacement vector u . The internal work intWδ  
done by nail i is given by: 
 )cos()(int ϑγδδδ −⋅∆⋅∆=⋅= pW ∆p  (2.14) 
The internal work performed over the nail plate area ABCD is found by summation 
over the n nails in this area: 
 ∑
=
−⋅∆⋅∆=
n
i
iiiiipW
1
int )cos()( ϑγδδ  (2.15) 
When the nail density (number of nails/area) is denoted ζ  and the area of nail plate 
ABCD is A, this summation can also be written as: 
 ∫ −⋅∆⋅∆⋅=
A
dApW )cos()(int ϑγδζδ  (2.16) 
 ( )∫ ∆+∆∆⋅=
A
dAyxpW δϑδϑζδ )sin()cos()(int  (2.17) 
 ∫ 



 ∆
∆
∆
+∆
∆
∆
∆⋅=
A
dAyyxxpW δδζδ )(int  (2.18) 
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When inserting xq  and yq  from formulas (2.7) and (2.8) into formula (2.18) a 
small variation in one of the six displacement components of u  leads to: 
 ( ) 6,...,1)( ,,int =+∆
∆
= ∫ jdAuquq
pW
A
jjy
T
jjx
T
j δδζδ uquq yx  (2.19) 
 ( ) 6,...,1)( ,,int =






+
∆
∆
= ∫ judAqq
pW j
A
jy
T
jx
T
j δζδ uquq yx  (2.20) 
The external work eWδ  for a virtual displacement in one of the displacement 
components is given by: 
 6,...,1=⋅= jufW jj
e
j δδ  (2.21) 
where jf  is the component j of f . The size of the internal and the external work 
must be equal: 
 6,...,10int ==− jWW ejj δδ  (2.22) 
and formula (2.20) and (2.21) then lead to: 
 ( ) 6,...,10)( ,, ==






−+
∆
∆
∫ jufdAqq
p
jj
A
jy
T
jx
T δζ uquq yx  (2.23) 
 ( ) 6,...,10)( ,, ==−+∆
∆
∫ jfdAqq
p
j
A
jy
T
jx
T uquq yxζ  (2.24) 
 ( ) fuqqqq yyxx =






+
∆
∆
∫
A
TT dAp )(ζ  (2.25) 
 fKu =  (2.26) 
K  is the local stiffness matrix for the nail element given by: 
 ( )∫ +∆
∆
=
A
TT dAp yyxx qqqqK
)(ζ  (2.27) 
A nail group is bounded by 3,4,5,…,n edges. The integration in formula (2.27) is 
performed by splitting the nail group area into triangles and by using Gauss 
integration over each triangle. An example of this is shown in figure 2.6, where the 
method is illustrated on a peak joint. 
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Figure 2.6. Illustration of splitting a nail group with a six-sided polygon into 
triangles. The integration points are shown by dots. 
The integration can be performed with 3 or 6 integration points in each triangle, but 
numerical tests have shown that 3 integration points in each triangle are sufficient. 
As mentioned above the load-displacement curve for a nail depends on the grain 
direction, the main direction of the nail plate and the force direction. Four test 
configurations (mentioned basic anchorage tests) where the nail plate and the 
timber are rotated in steps of 90º are used to determine the basic load-displacement 
curves. In figure 2.7 these four test configurations are shown with the index 
notation of the stiffness parameters. The first index of the stiffness parameter 
denotes the angle between the force direction and the main direction of the plate 
(α ) and the second index denotes the angle between the force direction and the 
grain direction ( β ). 
 
Figure 2.7. Basic anchorage tests and index notation for the stiffness parameters 
for each of the four test configurations. 
Hankinson’s formula is used for determination of the stiffness parameters k , kk  
and 0p  for other than the four basic cases. In the following it is shown how a 
stiffness value of k is determined. Similar calculations are used to determine values 
of kk  and 0p . Consider figure 2.8. 
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Figure 2.8. Definition of angles. 
A value of 1k  in the main direction of the plate (direction 1) and a value of 2k  
perpendicular to the main direction (direction 2) are determined by: 
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A value of the stiffness xk  in the global x-direction and a value of the stiffness yk  
in the global y-direction are given by: 
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Finally, a stiffness k in the direction of the applied force p is given by: 
 
)(cos)(sin 22 ψψ ⋅+⋅
⋅
=
yx
yx
kk
kk
k  (2.30) 
The use of Hankinson’s formula is one way to determine stiffness parameters for 
different angles between the force, grain and plate directions. Hankinson’s formula 
is often used in timber engineering to represent the dependence of mechanical 
properties on grain direction, see Foschi, R. O. (1979). 
The location of the two nodes in the nail element might be chosen arbitrarily due to 
the assumptions of stiff-body motions of the nail plate and of the beam. In general 
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the centroid of the nail groups is chosen as the location of both nodes of the nail 
element. 
As input in TRUSSLAB for the nail element the following data are needed: 
Boundaries of the nail group area, angle between grain direction and main direction 
of the nail plate, angle between global direction and grain direction, nail density, 
stiffness parameters k, kk and 0p  for each of the four basic cases. 
The failure conditions given in Eurocode 5 (2001) are implemented in 
TRUSSLAB, see section 3.5.3. 
2.3 Plate Element 
A plate element connects two nail elements. The plate element reflects the 
behaviour of the nail plate in the joint line and is made up of a two types of small 
steel beams. One type has the same direction as the main direction of the nail plate 
(four beams shown by solid hatch in figure 2.9) and the direction of the other type 
is perpendicular to the main direction of the nail plate (three beams), see figure 2.9. 
 
Figure 2.9. Plate element. 
The nodes of the plate elements are given by point A and point B and the location 
of A and B can be chosen arbitrarily. The two plate regions 1 and 2 on the timber 
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beams (nail groups) are assumed to perform stiff-body movements. The small steel 
beams connect these two stiff regions. 
In this section only the beams in the main direction of the nail plate are considered 
– in particular beam number i. The described method is repeated for the beams 
perpendicular to the main direction of the nail plate. 
The local coordinate system ll yx ,  coincides with the direction of the considered 
beam i. The local system is rotated the angle ϕ  from the global system gg yx ,  and 
the local system always coincides with the direction of the considered beam. 
The beam has the length L . The displacements of the plate region (nail group) on 
the left-hand side are given by Au , Av  and Aα  at point A ),( AA yx , and the 
displacements of the plate region on the right hand side are given by Bu , Bv  and 
Bα  at point B ),( BB yx . 
If small rotations are assumed the displacements iu  at the ends of beam i are given 
by: 
 uTu ii =  (2.31) 
where: 
 [ ]Tiiiiii vuvu
222111
αα=iu  (2.32) 
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 [ ] TBBBAAA vuvu αα=u  (2.34) 
Consider figure 2.10. 
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Figure 2.10. Beam i. The 15 Gauss integration points are shown with dots. 
The displacements w  at the system line of the beam as a function of x are 
determined using the displacement interpolation matrix N  and the displacements at 
the ends of the beam: 
 iNuw =  (2.35) 
where: 
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 





=
y
x
w
w
w  (2.37) 
The axial strain ε  at the system line and the curvature κ  as a function of x are 
determined by: 
 iBu=





κ
ε
 (2.38) 
where B  (strain distribution matrix) is the second derivative of N  with respect to x. 
The stresses in the beam are determined by the fibre strain 
yxxyxfibre ⋅−= )()(),( κεε  and by the constitutive relation given by: 
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where the parameters are defined in figure 2.11. 
 
Figure 2.11. Definition of parameters in the constitutive relation. 
To determine the forces at the beam ends it is convenient to introduce some 
“modified cross-sectional properties” A~ , S~  and I~  defined by, see Byskov, E. 
(1982): 
 ∫=
A
dAEA ~~  (2.40) 
 ∫=
A
dAEyS ~~  (2.41) 
 ∫=
A
dAEyI ~~ 2  (2.42) 
where A is the cross-sectional area and E~  is defined as the secant modulus of 
elasticity SE  divided by the initial modulus of elasticity E , see figure 2.12. 
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Figure 2.12. Secant modulus of elasticity and tangent modulus of elasticity at a 
given strain. 
The local secant stiffness matrix iSK  for beam i is given by: 
 dLdht
L h T∫ ∫= 0 0 DBBK
i
S  (2.43) 
where t is the thickness of the beam and D  denotes the secant material stiffness 
matrix given by: 
 





−
−
=
IESE
SEAE
~~
~~
D  (2.44) 
The forces at the beam ends if  are then given by: 
 iiS
i uKf =  (2.45) 
where: 
 [ ] Tiiiiii MVNMVN 222111=if  (2.46) 
The forces f  at points A and B from the n beams in the main direction of the nail 
plate are determined by: 
 ( )∑
=




=
n
i
T
1
ii fTf  (2.47) 
where 
 [ ] TBBBAAA MVNMVN=f  (2.48) 
By inserting (2.31) and (2.45) into (2.47) the local finite element equation for the 
plate element is given by: 
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 uKf S=  (2.51) 
where SK  is the local secant stiffness matrix for the plate element given by: 
 ( )∑
=




=
n
i
T
1
ii
S
i
S TKTK  (2.52) 
The integrations in formulas (2.40), (2.41), (2.42) and (2.43) are performed by 
Gauss integration. Each beam is divided into 3 Gauss points along the x-axis and 5 
Gauss points along the y-axis, see e.g. the previous figure 2.10. It is again noted 
that only the beams in the main direction of the nail plate have been considered – 
the method described above is repeated for the beams in the direction perpendicular 
to the main direction. 
To obtain a local tangent stiffness element matrix for the plate element, the 
formulas (2.41) to (2.47) are repeated, but with E~  defined as the tangent modulus 
of elasticity TE  divided by the initial modulus of elasticity E , see figure 2.12. 
When the joint line is either parallel or perpendicular to the main direction of the 
nail plate only one type of beam is activated, and it is rather easy to determine the 
number of beams in a plate element. However, in many joint types the joint line 
passes both types of beams and the beams may also “share” the same steel areas – 
see figure 2.13. This means that some kind of interaction between the two beam 
types should be implemented since the stresses in the two types of beams interact 
with each other. 
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Figure 2.13. Joint where the two types of beams interact with each other. 
In the figure the ends of the two types of beams cover the same piece of steel plate. 
The beams in the main direction of the plate are shown by white rectangles and the 
beams in the direction perpendicular to the main direction are shown by black 
rectangles. 
Furthermore, the number of beams in the plate main direction decreases from 
maximum for o90=γ  to zero for o0=γ , but for the beams in the direction 
perpendicular to the main direction of the nail plate the opposite is seen – see figure 
2.14. Only the beams in the plate main direction are considered in the figure. γ  is 
the angle between the plate main direction and the joint line. 
 
Figure 2.14. Example of number of beams dependent on the angle between the joint 
line and the nail plate. 
Joint line 
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For two nail plate types (MiTek GNA20S and MiTek GNT150S) the number of 
beams have been determined for different angles of γ , see table 2.1. The number 
of beams is determined for a given basic length, see figure 2.14 for a definition of 
the basic length when the beams in the plate main direction are considered (if the 
basic length is doubled the number of beams is doubled). 
 GNA20S GNT150S 
Basic 
length 
83 mm 80 mm 70 mm 80 mm 
γ  Beams in main 
direction 
Beams perp. to 
main direction 
Beams in main 
direction 
Beams perp. to 
main direction 
90˚ 12 0 10 0 
80˚ 7-8 4 5-6 4 
70˚ 7-9 4 4-6 3-4 
60˚ 7-8 4 5 3-4 
50˚ 5-7 4 4-6 3-4 
40˚ 6-7 4 4-6 3-4 
30˚ 6-7 4 4-7 3-4 
20˚ 4-11 4 5-7 3-4 
10˚ 5-10 4 6-9 3-4 
0˚ 0 4 0 4 
Table 2.1. Number of beams for different angles of γ . 
As can be seen from the table, it is difficult to determine the number of beams 
when oo 90,0≠γ , since the number of beams may be different if the nail plate is 
moved just a few mm. Furthermore, tests show that the deformations and the failure 
line do not always follow the joint line – see chapter 3. 
It is chosen to take both the change in the number of beams and the interaction 
between the two beam types into account by adjusting the number of beams 
(determined by o90=γ  and o0=γ , respectively). This adjustment is performed by 
a multiplication factor ℑ . The factor is in the range between 0 and 1. It is 
multiplied by the number of beams determined directly from the mutual distance 
between the beams where o90=γ  for the beams in the main direction of the nail 
plate, and where o0=γ  for the beams perpendicular to the main direction. To 
illustrate this, see figure 2.15. 
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Basic length for determination of
number of beams in the plate main
direction = 55 mm.
MAIN DIRECTION:
Number of beams in the plate main
direction with γ = 90 :
55 mm/6.9 = 8.0 beams.
Multiplication factor: 0.77
Actual number of beams in the plate
main direction:
8.0 beams  0.77   6 beams
PERP. TO MAIN DIRECTION:
Number of beams perpendicular to the
plate main direction with γ = 0 :
40 mm/19.8 = 2.0 beams.
Multiplication factor: 0.63
Actual number of beams in the plate
main direction:
2.0 beams  0.63   1 beam
Basic length for determination of number of
beams perpendicular to the plate main
direction = 40 mm.
o54=γ
0 30 60 90
0
0.2
0.4
0.6
0.8
1.0
ℑ
γ
Beam in plate
main direction
Beam perp. to plate
main direction
6.9 mm
19.8 mm
≈
≈
 
Figure 2.15. Illustration of use of multiplication factor to determine the number of 
beams in the plate main direction and perpendicular to the plate main direction. 
The formulas for the factor ℑ  are given by: 
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( ) directionmain   thelar toperpendicu beams for the90/90
directionmain  in the beams for the90/
oo
o
γ
γ
−=ℑ
=ℑ
(2.53) 
The formulas are determined empirically considering the number of beams. It may, 
however, be discussed if the expressions are too “complicated” and if they should 
simply be changed to linear ones. 
The theory of the plate element has been applied to the MiTek nail plates GNA20S 
and GNT150S. As can be seen later in the thesis, results from tests with GNA20S 
are in close agreement with predictions given by TRUSSLAB. Only a few tests 
have been performed with the nail plate type GNT150S and it can therefore not be 
concluded if the theory of the plate element also predicts test results well for this 
type of plate. It is assumed, however, that the theory can be used for a wide range 
of nail plate types. The nail plates should have a geometry where it is possible to 
determine two types of beams – one type following the main direction of the nail 
plate and one type following the direction perpendicular to the main direction. For 
a description of the determination of the geometry of the beams, see section 3.1. 
As input data the following parameters are needed for each type of beam: L, h, E, 
pE , t, distance between the beams, ty,σ , cy,σ , angle between global direction and 
the beams in the main direction of the nail plate and the angle between global 
direction and the beams perpendicular to the main direction of the nail plate. For a 
detailed description of determination of these parameters, see section 3.1. 
For a description of the failure conditions for the plate element, see section 3.2.3. 
2.4 Contact Element 
The contact element is used to transfer contact forces between timber members. An 
example of a contact element in a heel joint is shown in figure 2.16. 
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Figure 2.16. Contact element with notation of forces and displacements. 
The contact element consists of a series of small beam elements and they are only 
activated if the initial gap g between the timber members is closed. The number of 
contact beams is a variable parameter in TRUSSLAB and the number of contact 
beams is chosen considering the length of the joint line – normally one beam per 20 
mm of joint line. It is assumed that each of the beams of the contact element only 
transfers an axial compression force (they act as bars). The element refers to two 
nodes – in figure 2.16 node A on the top chord and node B on the bottom chord. 
The x-axis of the local coordinate system follows the direction of the beams in the 
contact element. The local system is rotated the angle ϕ  from the global system. 
Consider beam i in figure 2.16. The length of the beams cL  has to be estimated, but 
as shown in the parameter analysis in section 5.2.2 the influence of the parameter is 
small. The displacements iu  at the ends of the beam are determined from the 
displacements at nodes A and B in the same way as for the plate element – see 
formulas (2.31) to (2.34). 
The gap g is closed if: 
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 guu ii ≤− 12  (2.54) 
The load-displacement curve for the contact beams is assumed to be bilinear elastic 
as shown in figure 2.17. 
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Figure 2.17. Load-displacement curve for the contact beams. cA  is the cross 
sectional area of one beam. 
If the gap is not closed, the forces at the ends of beam i are equal to zero 
( 021 ==
ii NN ). If the gap is closed and the axial force in the contact beam is still 
on the first part of the load-displacement curve the forces are given by: 
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⋅
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 (2.55) 
If the gap is closed and the axial force in the contact beam is on the second part of 
the load-displacement curve the forces are given by: 
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 (2.56) 
The forces at the nodes A and B are determined by a summation of the forces in the 
n beams: 
 ( )∑
=




=
n
i
T
1
ii fTf  (2.57) 
where iT  is given by formula (2.33) and if  by: 
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 [ ] Tii NN 0000 21=if  (2.58) 
The local stiffness matrix for beam i is given by: 
 




















−
=
000000
00000
00
000
.00
c
c
c
c
c
c
L
EA
L
EA
L
EA
sym
iK  (2.59) 
where E  is the actual modulus of elasticity for beam i at the given load level 
( pEE or  ). The local stiffness matrix for the n beams is given by the summation: 
 ( )∑
=




=
n
i
T
1
iii TKTK  (2.60) 
As input in TRUSSLAB for the contact element the following are needed: Number 
of contact beams and location of joint line, cL , E, pE , g, stress level at which the 
contact beams starts acting “plastic” and angle between global and the contact 
beams. 
2.5 Transformation between Local and Global System 
The formulations above for the beam, nail, plate and contact elements are given in 
local coordinates. The local system is rotated the angle ϕ  from the global system. 
The relation between the local and global systems are given by: 
 gl fRf =  (2.61) 
 gl uRu =  (2.62) 
where index l refers to local and index g to global. The transformation matrix R  is 
given by: 
 


















−
−
=
100000
0)cos()sin(000
0)sin()cos(000
000100
0000)cos()sin(
0000)sin()cos(
ϕϕ
ϕϕ
ϕϕ
ϕϕ
R  (2.63) 
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R  is an orthogonal matrix ( TRR 1 =− ). The stiffness matrices and the forces given 
in local directions are transformed to global direction by formulas (2.66) and 
(2.67): 
 lll uKf =  (2.64) 
 glg uRKfR =  (2.65) 
 ggg uKf =  (2.66) 
where the global stiffness matrix is given by: 
 RKRK lg
T=  (2.67) 
2.6 Solution Technique For the Nonlinear Equations 
To solve the system of nonlinear equations, several solution techniques have been 
used. Many of these techniques have difficulties in tracing the equilibrium path 
when the stiffness increases. This stiffness increase can be due to a gap between 
two timber members that is closed so contact forces between the members are 
transferred. This makes the stiffness increase. A typical load-displacement curve 
with these characteristics is shown in figure 2.18. 
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Figure 2.18. Typical load-displacement curve. The sudden change in stiffness is 
caused by contact between timber members. 
One way to find the equilibrium path is to use one of the arc-length methods. The 
arc-length methods are intended to enable solution algorithms to pass limit points, 
e.g. where the load decreases. With some modifications one of the methods is 
found to be efficient and reliable to trace the equilibrium path for problems like the 
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one mentioned above. The way the arc-length method is used in TRUSSLAB as 
solution algorithm is presented in the following section. 
2.6.1 Arc-Length Method 
A linear form of the arc-length method is used. The arc-length method is described 
via an example with one degree of freedom u . A more detailed description of the 
arc-length method can be found in e.g. Crisfield, M. A. (1997). From a given point 
of equilibrium ),( 00 pu λ  the iterations are started. The progress of the arc-length 
method is shown in figure 2.19. Special for the arc-length method is that not only 
the displacements but also the load changes. 
 
1uδ  
0uK  
1uK
u 
 λ⋅p 
  f 
u0 u1 
-δλ1⋅p 
∆u1 
∆u2 
δu0 δu1 
∆λ2⋅p 
∆λ1⋅p 
λ0⋅p 
λ2⋅p 
λ1⋅p 
11, δλδ ⋅− tu  
(u1,λ 1⋅p) 
(u2,λ 2⋅p) 
u2 
 
Figure 2.19. Illustration of arc-length method.  
λ  is a variable scale factor for the load. ∆  is used for an increment and relates 
back to the last converged equilibrium state whereas, δ  denotes a change within 
the iteration before a new point in equilibrium is found. 
1) 1λ∆  is chosen in the interval [0;1] all dependent on the desired value of the 
load step in the current iteration.  
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2) The initial tangent stiffness 
0uK  is calculated. 
3) The first increment in the displacement is found as pKu u ⋅∆⋅=∆
−
1
1
1 0 λ . 
4) The coordinates for the first iteration guess are 101 uuu ∆+=  and 
ppp 101 λλλ ∆+= . 
5) The tangent stiffness 
1u
K  at 1uu =  is determined. 
6) ( )( )pufKu u 1111 1 λδ −⋅−=
−  is determined. 
7) pKu ut ⋅=
−1
1, 1δ  is determined. 
8) The change in the load scaling factor can be given by 
11,1,
11,
1 +⋅
⋅
−=
tt
t
uu
uu
δδ
δδ
δλ , 
see Crisfield, M. A. (1997). 
9) The change in the displacement is given by 1,111 tuuu δδλδδ += . 
10) The new increments in displacement and load scale factor are given by 
112 uuu δ+∆=∆  and 112 δλλλ +∆=∆ . 
11) With the values of 202 uuu ∆+=  and 202 λλλ ∆+=  used as 1u  and 1λ  the 
iteration is repeated from point 5) to point 11) until the residual pf iui λ−  is 
sufficient small. 
2.6.2 Modifications to the Arc-Length Method 
If the value of the change in the load scaling factor at point 8) is set lower (e.g. by 
making the divisor bigger) the search line changes, see figure 2.20. In case A the 
divisor is increased and the search line forms an angle with the tangent stiffness 
that is smaller compared to case B. The chosen value for the change in load factor 
results in a search line like case A in figure 2.20. It is found that this gives a 
relatively quick and consistent way to follow the equilibrium path for the given 
problems. 
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Search line case A 
Search line case B 
u 
 λ⋅p 
Tangent 
stiffness 
 
Figure 2.20. Illustration of influence of change to load factor. 
As mentioned above, not only the displacements, but also the load is changed 
during the iterations. In order to reach a specific load level some modifications are 
made to the factor λ∆ , so that λ  ends up being equal to 1. Therefore, if λ  is 
bigger than 1.001 the iteration is restarted from the last equilibrium point with half 
the value of λ∆ . This makes λ  converge to 1.000. 
Furthermore, if the calculated value of λ∆  (point 10) is too big compared to the 
desired value of the load step 1λ∆  given at point 1) the iteration is restarted with a 
decreased value of λ∆ . This is done to ensure that the load-displacement curve is 
traced with relative small steps. 
For a few special load-displacement curves the arc-length method is not able to 
follow the equilibrium path without restarting the iteration with a smaller value of 
λ∆ . A situation where the iterations proceed very slowly or do not converge at all 
is shown in figure 2.21 to the left. 
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Figure 2.21. To the left an example, where the arc-length method proceeds very 
slowly or does not converge. To the right the same example is shown again but with 
smaller iteration steps, which makes the iterations converge. 
Consider figure 2.21 to the left. From the equilibrium point a first guess (point 1) is 
determined. Point 3 is determined with the residual load between points 1 and 2, 
the updated tangential stiffness and with the direction of the search line. Similar 
from the residual load between points 3 and 4 a new guess is made (point 5). 
Dependent on the tangent stiffness calculated at points 2 and 4 the iterations 
proceed very slowly or even go round in circles (1-2-3-4-1-2-3…) if the values of 
the tangent stiffness at points 2 and 4 are identical. 
To avoid this the iteration is restarted from the equilibrium point with half the value 
of 1λ∆ . This makes the iterations proceed as shown in figure 2.21 to the right. The 
problem mentioned above is caused by a contact element that is activated. As an 
indicator of whether the problem will arise or not, a function in TRUSSLAB 
checks if the iterations switches several times between two stages, where the 
contact element is active or inactive. Furthermore, the iterations are restarted with a 
smaller step length if the number of iterations within a load step exceeds 35. 
2.7 Conclusions 
The theory behind the beam, nail, plate and contact elements is given in this 
chapter and a solution technique to find equilibrium of the nonlinear element 
equations is presented. 
Compared with the theories for the models presented by Foschi, R. O. (1977) and 
Nielsen, J. (1996) the TRUSSLAB model has been modified in the following 
fields: 
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Beam element: In TRUSSLAB it is possible to apply distributed trapezoidal 
loads. 
Nail element: In TRUSSLAB Hankinson’s formula is used to predict the 
stiffness for situations other than the four basic cases (as in the model by 
Foschi). Nielsen developed a special formula based on tests. The input data for 
the nail element are based on 4 basic tests and the geometry of the nail plate, see 
chapter 3.1.1. In TRUSSLAB the failure conditions from Eurocode 5 (2001) 
have been implemented, see section 3.5.3. 
Plate element: In TRUSSLAB the plate element consists of two types of 
beams. Each type of beam is modelled with nonlinear elastic material 
properties. As shown in section 3.1.1, the input data needed are based on the 
geometry of the nail plate and 6 basic tests. In the theories given by Foschi and 
Nielsen the plate element consists of one beam type. Only axial and shear forces 
are assumed to be transferred in each of the beams in the theory by Foschi (no 
bending moments can be transferred). Special failure conditions have been 
implemented in TRUSSLAB, see section 3.2.3. 
Contact element: In TRUSSLAB the joint line is divided into a number of 
contact beams allowing the contact zone to develop. Furthermore, the contact 
element in TRUSSLAB has bilinear elastic material properties. In the theories 
by Foschi and Nielsen the contact element is set up as a single contact beam 
with linear elastic material properties. 
For all four elements a possible unloading situation follows the loading path (e.g. in 
a splice joint where contact is established). This is only true when every part of the 
structure is still in the elastic state. It is assumed that unloading is only present in 
very few situations; however, this has not been investigated further. When 
considering this, it is clear why e.g. the words plastic modulus of elasticity are often 
written as “plastic” modulus of elasticity in the following. 
Using a finite element model as TRUSSLAB with the special nail, plate and 
contact elements, the geometry of the model is based on the geometry of the 
analysed structure and no fictitious elements are needed. Except for the location of 
the reference nodes of the contact elements and the location of possible auxiliary 
elements, the geometry is given directly. Furthermore, the deformations of the joint 
lines and the nail groups are included in the model. Also possible gaps between 
timber members are included. 
The specific values for the different elements (e.g. strength values, stiffness values, 
geometry of nail plates) needed as input in TRUSSLAB are mentioned in the 
chapters where they are needed. 
The use of MATLAB as a base for TRUSSLAB has probably made TRUSSLAB 
relatively slow. If TRUSSLAB is translated to e.g. C++ it could reduce the 
calculation time by approximately a factor 10 to 20. The calculation time in 
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TRUSSLAB is dependent on the number of load steps. By choosing a small 
number of load steps the calculation time decreases, however, the load-
displacement curve becomes rougher. 
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3 Analysis of Nail Plate Type MiTek GNA20S 
 
The parameters needed as input in TRUSSLAB for the nail and plate elements for 
the nail plate type MiTek GNA20S are determined in this chapter. These 
parameters are determined from some basic tests performed on the nail plate. 
Additional tests are used to verify the theory behind the nail and plate elements. In 
these tests the main axis of the nail plate, the fibre direction, the direction of the 
joint line and the force direction are rotated in steps of 30° so every possible 
combination is covered. 114 tests have been performed to determine the parameters 
and verify the theory for the plate element, and 120 tests have been performed to 
find the parameters and verify the theory for the nail element. The results from the 
tests are shown in this chapter. For a test description and the test arrangements, see 
appendix A. Some typical pictures of the failure modes are shown in appendix B. 
The tests are not performed as some kind of approval for the nail plates, but in 
order to determine certain parameters needed as input in TRUSSLAB and to verify 
the TRUSSLAB model. It is the aim to make the TRUSSLAB model predict the 
average of the load-displacement curves from each of the individual test series. 
Therefore, some modifications of the test methods described in EN 1075 (1999) 
have been made. The effective anchorage area has for example been treated 
differently. The modifications are mentioned in the text when they appear. 
The test results are compared with results from TRUSSLAB and with the 
expressions given in Eurocode 5. 
The geometry of the tested nail plate MiTek GNA20S is shown in figure 3.1. 
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Figure 3.1. Geometry of the MITEK GNA20S nail plate. Dimensions in mm. 
The nail density is 0.0147 nails/mm2. The nail plates are galvanized and are 
produced by punching from a 1 mm thick steel plate. 
In an earlier project, the properties of the steel used for production of the nail 
plates, have been determined as, see Jensen, H. & Rasmussen, H. (1993): 
• Modulus of elasticity,  E  = 188000 N/mm2 
• Yield stress,   σy  = 344 N/mm2 
• Yield strain,   εy  = 0.18% 
• Ultimate stress,  σu  = 417 N/mm2 
• Ultimate strain,  εu  = 24.4% 
• Poisson ratio   ν = 0.30 
 
The values are average values. It should be noted that the tested nail plates might 
have different material properties, because they are made of steel from different 
coils. 
3.1 Properties for the Plate Element in TRUSSLAB 
The plate element is composed by a number of small Bernoulli beams connecting 
two nail elements. Two different types of beams are considered – one type has the 
same orientation as the main axis of the nail plate and the other type has a direction 
perpendicular to the main axis. As input for the plate element the length, the height 
and the thickness of these two types of beams are needed. Furthermore, the stress-
strain curve for the beams in both tension and compression has to be determined. 
For a detailed description of the plate element, see section 2.3. 
As mentioned above, the test results were compared with results from calculations 
with TRUSSLAB. It should be noted that in some of the tensile test specimens the 
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failures were brittle. This destroyed one displacement transducer, and after this 
event the tests were stopped and the displacement transducers were dismounted 
after the plates became plastic, but before the ultimate load was reached. Some of 
the tests were continued after the transducers were dismounted to observe the 
failure mode, but the loads were not registered. Therefore, in 2/3 of the load-
displacement curves shown, the tension tests were stopped before the ultimate load 
was reached but after the plates had become plastic. None of the compression tests 
were stopped before the ultimate load level was reached. 
3.1.1 Basic Tests used to Determine the Properties of the Plate Element 
For each type of the beams three basic test series were used to determine the 
properties, see figure 3.2. The three test series shown at the top of the figure were 
used to determine the properties of the beams that follow the main direction of the 
nail plate. The three other series were used to find the properties of the beams 
perpendicular to the plate main axis. The sizes of the nail plates were chosen so that 
failure in the joint line was achieved. 
 
103 x 258 103 x 159 
152 x 159 152 x 159 103 x 119 
103 x 218 
TP_0_0_90 CP_180_0_90 TP_90_0_90 
TP_90_0_180 CP_270_0_180 TP_0_0_0 
 
Figure 3.2. Test series used to determine the properties of the plate element. 
Dimensions in mm. 
The gap between the timber members is 5 mm, the height of the beams is 170 mm 
and their thickness is 45 mm. 
The notation of the specimens is TP_α_β_γ  (Tension test arrangement Plate 
values) and CP_α_β_γ (Compression test arrangement Plate values) where:  
• α is the angle between the plate main direction and the force [ o0 : o360 ] 
• β is the angle between the force and the grain direction [ o0 : o90 ] 
• γ is the angle between the plate main direction and the joint line [ o0 : o180 ]. 
 
The angles and their positive directions are defined in figure 3.3. 
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Figure 3.3. Definition of angles used to define the test specimens. 
The load-displacement curves for the six basic test series are shown in figure 3.4. 
The curves illustrate the behaviour of one beam and the force is measured in N 
along the vertical axis while the deformation on the horizontal axis is measured in 
mm. The way the deformation of the plate is measured is described in appendix A. 
For each of the six test series three identical test specimens have been tested. Due 
to either timber or anchorage failure, not all three specimens are shown for the 
series TP_0_0_90 and TP_0_0_0. For the series CP_180_0_90 one of the data files 
was destroyed. 
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Figure 3.4. Load-displacement curves for the six basic test series used to determine 
the properties of the plate element. The load is converted to one beam. The force is 
shown on the vertical axis [N] and the deformation is shown on the horizontal axis 
[mm]. 
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For each of the two types of beams the parameters are determined as described 
below – see also figure 3.6. 
The thickness t of the beam is given directly from the geometry of the nail plate. 
The yield force in tension tyN ,  and the deformation ty,∆  are determined/estimated 
from the results of the test where the beam is subjected to tension (TP_0_0_90 for 
the beams in the main direction and TP_90_0_180 for the beams in the direction 
perpendicular to the main direction). tyN ,  and ty,∆  are defined on figure 3.5 where 
tyN ,  is determined as 1800 N/beam and ty,∆  is determined as 0.08 mm for the test 
series TP_0_0_90. 
0 0.5 1
0
500
1000
1500
2000
      TP0090
= 0.08
= 1800
ty ,∆
tyN ,
 
Figure 3.5. Definition of tyN ,  and ty,∆ . The load is converted to one beam. The 
force is shown on the vertical axis [N] and the deformation is shown on the 
horizontal axis [mm]. 
The yield stress in tension ty,σ  and the corresponding yield strain ty,ε  are 
calculated when the values of the length L and the height h of the beam have been 
determined (the way L and h are determined is explained later in this section): 
 
th
N ty
ty ⋅
= ,,σ  (3.1) 
 
L
ty
ty
,
,
∆
=ε  (3.2) 
The initial modulus of elasticity, E, is calculated afterwards: 
 
ty
tyE
,
,
ε
σ
=  (3.3) 
The yield strain cy,ε  in compression is calculated from the value of the yield stress 
in compression cy,σ  and from the value of E: 
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,
,
σ
ε =  (3.4) 
The yield stress in compression (stress when buckling) is found from the test 
results and includes the buckling effect of the beams. 
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Figure 3.6. Definition of parameters for the beams in the plate element. L and h are 
only illustrated for the beams in the main direction of the plate. 
For different pairs of the length L and the height h of the beam, TRUSSLAB may 
predict the results of both the tension and compression tests. In order to decide 
which pair of L and h should be used, the basic test where the beam is subjected to 
both bending and shear is considered (the test series shown to the right in figure 
3.2). When a similar model for this basic test series is set up in TRUSSLAB it is 
found that one pair of the parameters L and h will make TRUSSLAB predict the 
test results in the best way. The load level where the beam starts buckling is 
considered more important than the initial stiffness when the values of L and h are 
chosen. 
The value of the “plastic” modulus of elasticity pE  is taken as an average value so 
that it reflects the plastic behaviour of the beams both in tension, shear and 
compression. 
In some cases the height of the beam is given directly from the geometry of the nail 
plate. For example, h is given as 4 mm for the beams that follow the main direction 
of the nail plate GNA20S. In those cases L is the only variable parameter. Anyhow, 
when considering the height of the beams perpendicular to the plate main axis it is 
more difficult to determine an appropriate value of h, and the method described 
above for determination of the parameters is used. 
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When following the above-mentioned procedure to determine the properties of the 
plate element, the parameters listed in table 3.1 are found. 
 Beams in plate main direction 
Beams perpendicular to 
plate main direction 
σy,t [N/mm2] 450 430 
εy,t 0.0100 0.0075 
σy,c [N/mm2] 240 240 
εy,c 0.0053 0.0042 
L [mm] 8.0 8.0 
h [mm] 4.0 8.0 
t [mm] 1.0 1.0 
E [N/mm2] 45000 57300 
Ep [N/mm2] 300 300 
Table 3.1. Parameters for the plate element for the MiTek GNA20S nail plate. 
The distance between the beams in the main direction of the nail plate is 6.9 mm 
and the distance between the beams perpendicular to the main direction of the nail 
plate is 19.8 mm. 
An illustration of the geometry of the beams for the GNA20S nail plate is shown in 
figure 3.7. 
 
Figure 3.7. Geometry of the beams in the plate element for the GNA20S nail plate. 
Dimensions in mm. 
A comparison between the basic test results and results from TRUSSLAB 
calculations is shown in figure 3.8. The force transformed to N per mm of plate 
along the joint line is shown vertically, and the displacement in mm is shown 
horizontally. The results from TRUSSLAB are shown by a dashed line and the dots 
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indicate the load level where TRUSSLAB predicts failure. The way plate failure is 
predicted by TRUSSLAB is described on page 59 and onwards. After the ultimate 
load level has been reached in TRUSSLAB the calculations are continued without 
any changes (e.g. no changes are made in the number of beams if some of the plate 
beams fail in tension). 
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Figure 3.8. Comparison between TRUSSLAB calculations and results from the six 
basic tests for the GNA20S nail plate. 
TRUSSLAB predicts the behaviour of the joints quite well. However, for the two 
series TP_90_0_90 and TP_0_0_0 where the beams are subjected to shear and 
bending, TRUSSLAB underestimates the load level where the beams start yielding. 
Furthermore, TRUSSLAB is able to predict the load level of plate failure quite well 
but for the two series TP_90_0_90 and TP_0_0_0, TRUSSLAB underestimates the 
load level of failure. It should be noted that the test series TP_0_0_90, 
CP_180_0_90 and CP_270_0_180 are not stopped before the ultimate load is 
reached. 
3.2 Comparison of Plate Test Results with TRUSSLAB 
Calculations and Eurocode 5 
Besides the six basic tests, 32 test series with three identically specimens in each 
series have been produced and tested to verify the theory of the plate element. 
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Comparisons between the test results and results and predictions given by 
TRUSSLAB and Eurocode 5 are shown. 
3.2.1 Test Series 
The specimens are divided into two main groups – one group where the members 
are subjected to tension, see figure 3.9, and one group where the members are 
subjected to compression, see figure 3.10. The figures illustrate the orientation of 
the force and the joint line. The line through the nail plate represents the main 
direction of the plate. The specimens shown in the figures are not in scale. 
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 TP_30_0_120 Size (103 x 258) TP_60_0_150 Size (76 x 218) 
TP_0_0_60 
Size (103 x 258) 
TP_30_0_90 
Size (103 x 218) TP_60_0_120 Size (103 x 218) 
TP_90_0_150 
Size (152 x 159) TP_120_0_180 Size (152 x 159) TP_330_0_30 Size (76 x 218) 
TP_0_0_30 
Size (103 x 317) 
TP_30_0_60 
Size (103 x 258) TP_60_0_90 Size (103 x 258) 
TP_90_0_120 
Size (130 x 159) TP_120_0_150 Size (152 x 98) TP_150_0_180 Size (152 x 159) 
TP_30_0_30 
Size (76 x 218) TP_60_0_60 Size (76 x 159) 
TP_120_0_120 
Size (76 x 159) TP_150_0_150 Size (76 x 218) 
 
Figure 3.9. Test specimens subjected to tension. Plate sizes in mm (length of the 
plate perpendicular to the main direction x length of the plate main direction). 
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 CP_210_0_120 Size (103 x 218) CP_240_0_150 Size (76 x 218) 
CP_180_0_60 
Size (103 x 218) 
CP_210_0_90 
Size (103 x 218) CP_240_0_120 Size (103 x 218) 
CP_270_0_150 
Size (152 x 159) CP_300_0_180 Size (152 x 159) CP_150_0_30 Size (152 x 159) 
CP_180_0_30 
Size (103 x 258) 
CP_210_0_60 
Size (103 x 258) CP_240_0_90 Size (103 x 218) 
CP_270_0_120 
Size (103 x 218) CP_300_0_150 Size (152 x 159) CP_150_0_180 Size (152 x 159) 
 
Figure 3.10. Test specimens subjected to compression. Plate sizes in mm (length of 
the plate perpendicular to the main direction x length of the plate main direction). 
All the specimens have a gap of 5 mm between the timber parts to avoid contact. 
No nails have been removed. The sizes of the nail plates are chosen in order to 
achieve plate failure and the nail plates are located so that the centre of each nail 
plate is placed at the centre of the joint line. In the series TP_60_0_150, 
TP_120_0_150, TP_30_0_30 and TP_150_0_150 the nail plate has been weakened 
in the joint line by cutting a slit in the plate as illustrated in figure 3.11. 
Tests with these four series - with uncut nail plates - have been performed earlier. 
In these tests anchorage failure was observed for the series TP_60_0_150 and a 
combination of plate buckling and withdrawal of the nails was seen in the test 
series TP_120_0_150, TP_30_0_30 and TP_150_0_150. This is also found to be 
the case for tests performed with other types of nail plates, see e.g. Lau, P. W. C. 
(1987). 
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Figure 3.11. Cutting slits in the nail plate to avoid anchorage failure. 
The nail plate should not be weakened according to EN 1075 (1999). 
3.2.2 Comparison of Load-displacement Curves from Tests with 
TRUSSLAB Calculations 
The load-displacement curves for the different tensile tests and results from similar 
TRUSSLAB calculations are shown in figure 3.12 on page 53. The series are 
arranged in the same order as in figure 3.9. The force transformed to N per mm of 
plate along the joint line is shown vertically and the displacement in mm is shown 
horizontally. 
The solid lines represent the test results. Each of the solid lines is an average of the 
displacement transducer on either side of the test specimen. For some of the series 
there is only one solid line, which means that only one of the three test specimens 
in the series has been tested. Again it is noted that some of the tension tests are 
stopped before the ultimate load is reached. 
The dashed lines are the results from calculations in TRUSSLAB and the dots 
indicate the load level of plate failure predicted by TRUSSLAB. 
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Figure 3.12. Load-displacement curves for the tensile tests. 
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From the figure it is seen that TRUSSLAB for most of the series is able to predict 
the load level where the plate starts its plastic behaviour. TRUSSLAB is capable of 
predicting the initial stiffness as well, but for some of the series the initial stiffness 
is overestimated by TRUSSLAB (e.g. TP_150_0_180). Furthermore, the load level 
of plate failure is predicted relatively well by TRUSSLAB. 
The test results in figure 3.12 indicate that most of the test specimens have reached 
a load level where the load is only increasing very slowly with increasing 
deformation. Therefore, it is estimated that the ultimate load is relatively close to 
the load level where the tests are stopped. 
Figure 3.13 shows two rather complicated failure modes for the test series 
TP_30_0_120 and TP_60_0_150. The load-displacement curves for these two test 
series are shown in figure 3.12 at the top. 
    
Figure 3.13. Failure modes for the test series TP_30_0_120 and TP_60_0_150. 
In the plate element it is assumed that the deformations and failure occur in the 
joint line, which is not always true as can be seen in figure 3.13. For the series 
TP_60_0_150 (shown to the left in figure 3.13) TRUSSLAB underestimates the 
load level where yielding occurs. 
It should be noticed that there is only a little variation between the three curves 
within each of the test series. 
Figure 3.14 illustrates the load-displacement curves for the compression tests and 
the dashed lines show the corresponding results from TRUSSLAB, where a dot 
indicates plate failure. Again the force per mm of plate over the joint line is shown 
vertically and the displacement is shown horizontally. 
Analysis of Nail Plate Type MiTek GNA20S 
 55
0 0 .5 1
0
50
100
150
200
      CP180060
0 0 .5 1
0
50
100
150
200
      CP180030
0 0 .5 1
0
50
100
150
200
      CP2100120
0 0 .5 1
0
50
100
150
200
      CP2400150
0 0 .5 1
0
50
100
150
200
      CP210090
0 0 .5 1
0
50
100
150
200
      CP2400120
0 0 .5 1
0
50
100
150
200
      CP2700150
0 0 .5 1
0
50
100
150
200
      CP3000180
0 0 .5 1
0
50
100
150
200
      CP150030
0 0 .5 1
0
50
100
150
200
      CP210060
0 0 .5 1
0
50
100
150
200
      CP240090
0 0 .5 1
0
50
100
150
200
      CP2700120
0 0 .5 1
0
50
100
150
200
      CP3000150
0 0 .5 1
0
50
100
150
200
      CP3300180
 
Figure 3.14. Load-displacement curves for the compression tests. 
For the compression series the results from the calculations in TRUSSLAB are not 
as close to the test results as they are for the tensile test series. This may be caused 
by the fact that the load level where the nail plate starts buckling is dependent on 
the location of the nails near the joint line. In some of the series the nails are 
located close to the joint line in such a way that the plate can carry more load - 
compared with the results from TRUSSLAB - before it starts buckling. In other 
series the opposite situation may occur. Furthermore, the size of the gap between 
the timber members may have an influence on the load level where the plate starts 
buckling. 
In some of the compression tests the plate buckling does not follow the joint line, 
see figure 3.15. 
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Figure 3.15. Compression test where buckling did not follow the joint line. 
TRUSSLAB is not able to predict such kind of buckling because the deformations 
of the plate element are assumed to follow the joint line. 
3.2.3 Comparison of Ultimate Loads from Tests with Eurocode 5 and 
TRUSSLAB 
In 1981 Norén presented a theory for the plate capacity, see Norén, B. (1981). In 
1985 Bovim and Aasheim - Bovim, N. I. & Aasheim, E. (1985) - compared results 
from this theory with test results for one specific type of nail plate. They found that 
the theory given by Norén gave a good prediction of the plate capacity. Aasheim 
and Solli - Aasheim, E. & Solli, N. K. (1990) - made a proposal to implement this 
design method into Eurocode 5, which was done in the version of the Eurocode in 
1993, see Eurocode 5 (1993). 
Källsner and Kangas - Källsner, B. & Kangas, J. (1991) - performed tests with 6 
other types of nail plates and compared the results with the theory. It was found 
that for the tension tests the theoretical capacities were mostly rather good. For the 
shear tests the theoretical values were close to the measured values when the nail 
plate had a staggered arrangement of nail holes, see figure 3.16 a). However, when 
the nail plate had an orthogonal nail hole line situation, as shown in figure 3.16 b), 
the theory overestimated the shear capacity when the angle α was about o30  and 
o135  and underestimated the shear capacity when α was in the range from o45  to 
o90 . 
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Figure 3.16. a) Staggered arrangement of nail holes. b) Orthogonal arrangement 
of nail holes. The difference between the two types of nail plates may be even more 
well-defined than shown in the figure. 
Based on that, Kevarinmäki and Kangas suggested a modified design method with 
two modification factors used to make these estimations more accurate when nail 
plates with an orthogonal arrangement of the nail holes are considered, see 
Kevarinmäki, Ari & Kangas, J. (1995) or Kevarinmäki, Ari (2000). This modified 
design method is implemented into a final draft of the Eurocode 5 from 2001, see 
Eurocode 5 (2001). In this final draft of Eurocode 5 it is suggested to use the 
method for both nail plates with a staggered arrangement as well as nail plates with 
an orthogonal arrangement of the nail holes. 
The two design methods are described in the following. 
Plate Capacity According to Eurocode 5 from 1993 
The nail plate is subjected to a force F and a moment M, see figure 3.17. 
a
b
g
x
y
F
FM
FM
M
 l
 
Figure 3.17. Geometry of a nail plate loaded by a force F and a moment M. 
The force xF  in the plate main direction (x) and the force yF  in the direction 
perpendicular to the main direction (y) are determined by: 
 )sin(2)cos( γα Mx FFF ±=  (3.5) 
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 )cos(2)sin( γα My FFF ±=  (3.6) 
where MF  is given by the plastic assumption: 
 
l
MFM 2=  (3.7) 
The forces xF  and yF  should satisfy the condition: 
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where xR  and yR  are the strength values of the plate capacity in the x and y 
directions, respectively. xR  and yR  are determined by: 
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In the formulas: 
ft,0 is the tension strength in the plate main direction )0( o=α  
ft,90 is the tens. strength perpendicular to the plate main direction )90( o=α  
fc,0 is the compression strength in the plate main direction )0( o=α  
fc,90 is the comp. strength perpendicular to the plate main direction )90( o=α  
fv,0 is the shear strength in the plate main direction )0( o=α  
fv,90 is the shear strength perpendicular to the plate main direction )90( o=α  
 
Plate Capacity According to the Final Draft of Eurocode 5 from 2001 
The difference between this method and the one in the Eurocode 5 from 1993 is the 
way xR  and yR  are determined: 
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The value of 0γ  is determined from shear tests with 
o30== γα  and the value of 
vk  is determined from two shear tests in the range 
oo 85)(45 ≤=≤ γα . The values 
are determined so the left side of formula (3.8) is equal to 1. From the test results 
the value of 0γ  is determined to 
o13 . The value of vk  is determined from only one 
series of shear tests with o60== γα  and the value is determined to 0.3.  
Plate Capacity in TRUSSLAB 
A problem with the above failure conditions arises if the nail plate covers more 
than one straight joint line. In Eurocode 5 (2001) the following is suggested: 
“If the plate covers more than two elements then the forces in each straight part of the connection 
line should be determined so that the equilibrium is fulfilled and that the condition in 3.8 is 
satisfied in each straight part.” 
The condition in 3.8 corresponds to formula (3.8) in this thesis. In TRUSSLAB the 
plate element is composed of beams with nonlinear material properties. If the nail 
plate covers e.g. two straight parts the forces at the midpoint of each straight part 
can be determined from the sectional forces at the ends of the small beams. When 
more than one joints line is considered it seems, however, that the plate design 
rules in Eurocode 5 lead to wrong load capacities. To explain this two similar 
joints, as shown in figure 3.18, are analysed. 
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Figure 3.18. Two similar joints where the expressions in Eurocode 5 lead to 
different load capacities. 
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In joint type A the nail plate is divided into two straight joint lines, whereas in joint 
type B the nail plate is treated as one straight line. In practice the joints only cover 
one line, but could easily be converted to a joint with two straight lines if one of the 
line parts in joint type A is rotated by a small angle. In TRUSSLAB the nail plates 
are identical for the two cases A and B. 
In order to design the nail plate according to Eurocode 5, sectional forces are to be 
at the middle of each joint line as shown in figure 3.19. The moment 1M  is smaller 
than 2M  for two reasons: 
1. The lengths of the joint lines are different. 
2. The plate becomes plastic in compression at a lower stress level than in 
tension. 
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Figure 3.19. Sectional forces and stresses at the middle of each straight part. 
From the figures it is seen that the two similar joints are treated differently in 
Eurocode 5 and a consequence is that the load-carrying capacity of joint type A is 
approximately 50% less than the load-carrying capacity of joint type B. 
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In the test series in this chapter the problem described above is non-existing, but for 
a more complex joint as shown in figure 3.20 the problem will arise. In the figure 
two possible failure modes in the nail plates are shown with thick lines. It should be 
noted that the outer leg goes to the top of the rafter. 
1 2
 
Figure 3.20. Complex joint type where two possible failure modes are shown.  
From the calculated sectional forces at each of the midpoints of the straight plate 
parts 1 and 2, respectively, it is found that plate failure according to Eurocode 5 
(2001) arises at an unrealistically low load level for part 1 of the plate. For part 2 of 
the plate the failure load level according to Eurocode 5 (2001) is significantly 
higher. However, since part 2 includes part 1 of the plate it seems unrealistic that 
part 1 fails and part 2 does not fail at the same load level. 
Due to the above problems a different method for predicting plate failure has been 
implemented into TRUSSLAB. 
The axial stresses are determined at 5 points at each end of each of the small steel 
beams – see e.g. section 2.3. The shear stresses are assumed to be equally 
distributed over the cross-sectional area, see figure 3.21. 
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Figure 3.21. Stress distribution at the ends of the small steel beams. 
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A failure condition could be to check whether the axial stress and the shear stress at 
each of the 5 points fulfil e.g. v. Mises failure condition. However, in the plate 
element in TRUSSLAB some assumptions are made: 
1) The complicated geometry of a nail plate is converted into a simple model 
where beam elements are used to connect two nail groups. 
2) The beams may have the sizes (length x height) 8x8 mm and 4x12 mm and 
for the 8x8 mm beams Bernoulli beam theory cannot be used – however, in 
TRUSSLAB Bernoulli beam theory is used anyway. 
3) Prestresses arise due to the production of the nail plates. They influence the 
stress distribution in the nail plate and this is not taken into account in 
TRUSSLAB. 
4) The deformations at the ends of the beams are calculated from the 
deformations at the centre of the nail groups (the nail groups are assumed to 
perform stiff-body movements). 
These assumptions may be the explanation why a failure check as that mentioned 
above will result in ultimate load levels that are not equal to the ultimate load levels 
achieved by testing. 
Different failure conditions have been implemented and tested in TRUSSLAB and 
the following failure conditions are found to predict the load level of failure 
relatively precisely: 
• At points 2 and 4: 
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• At point 3: 
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The fact that the stresses at points 1 and 5 are not used in a failure check means that 
yielding in the outer fibres of the steel beams are allowed. Furthermore, the shear 
stresses in the failure check at points 2 and 4 are not included. 
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tu,σ , cu,σ  and uτ  are ultimate stresses in tension, compression and shear, 
respectively. The values of tu,σ , cu,σ  are determined from the basis tests and the 
value of uτ  is determined from calibration to the basic test where the beams are 
subjected to both moment and shear forces at the beam ends. The values are 
determined for both types of steel beams (beams parallel to the main direction of 
the nail plate and beams perpendicular to the main direction of the nail plate). For 
the nail plate type GNA20S the values are shown in table 3.2. 
 tu,σ  
[N/mm2] 
cu,σ  
[N/mm2] 
uτ  
[N/mm2] 
Beams parallel to the main 
direction 
488 250 300 
Beams perpendicular to the 
main direction 
483 250 430 
Table 3.2. Ultimate stresses for GNA20S used in TRUSSLAB as failure conditions 
for the plate element. 
Comparison 
Comparisons between ultimate loads from the test results, the predictions given by 
TRUSSLAB and the design methods given in Eurocode 5 (1993) and Eurocode 5 
(2001) are shown in the figures 3.22, 3.23, 3.24 and 3.25. The values from the test 
results are the average of the recorded maximum load levels. The predictions given 
by the equations in Eurocode 5 are based on the test results from the six basic tests. 
The results from the tests are indicated by . The results from Eurocode 5 (2001) 
are shown by a continuous line while the results from Eurocode 5 (1993) are shown 
by a dashed line. When only a continuous line is shown the results from the two 
different methods in the Eurocodes are identical. 
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Figure 3.22. Comparison between tests ( ), TRUSSLAB (o) and Eurocode 5. The 
load is shown on the vertical axis in N/mm along the joint line. 
0 30 60 90 120 150 180 210 240 270 300 330 360
0
50
100
150
200
250
300
α [o]
γ = 30o
 
Figure 3.23. Comparison between tests ( ), TRUSSLAB (o) and Eurocode 5. The 
load is shown on the vertical axis in N/mm along the joint line. 
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Figure 3.24. Comparison between tests ( ), TRUSSLAB (o) and Eurocode 5. The 
load is shown on the vertical axis in N/mm along the joint line. 
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Figure 3.25. Comparison between tests ( ), TRUSSLAB (o) and Eurocode 5. The 
load is shown on the vertical axis in N/mm along the joint line. 
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Figure 3.26. Shear tests with γα = . Tests ( ), TRUSSLAB (o) and Eurocode 5. 
The load is shown on the vertical axis in N/mm along the joint line. 
For most of the cases the methods given in Eurocode 5 give a good prediction of 
the plate capacities for different angles of α  and γ . In figures 3.23 and 3.24 it 
seems that the 1993 version of the Eurocode gives a better estimate of the plate 
capacity compared with the final draft from 2001. 
From figure 3.26 with all the shear tests it is seen that the final draft of Eurocode 5 
is better in estimating the plate capacity compared with the version from 1993. It is 
seen how the use of the two additional parameters results in decrease of the plate 
capacities in the area around o30== γα  and o135  and increase of the plate 
capacities, when oo 90)(45 ≤=≤ γα . 
When comparing the estimated plate capacities from Eurocode 5 with the test 
results it seems that Eurocode 5 gives a relatively good estimate of the plate 
capacity. In several cases the predictions given by Eurocode 5 give higher ultimate 
loads than those found from the tests. The predicted ultimate loads given by 
TRUSSLAB are always lower than the results from the tests, but in general 
relatively close to the test results. 
3.3 Conclusions on the Plate Capacities 
TRUSSLAB is able to predict the stiffness for most of the test series. When 
comparing the load levels where TRUSSLAB predicts yielding or buckling with 
the test results, it is seen that TRUSSLAB is able to predict the load level relatively 
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precisely, even though TRUSSLAB is better at predicting yielding in tension than 
at predicting buckling when the plate is subjected to compression. 
For structural safety reasons it is assumed that it is more important that 
TRUSSLAB is better at predicting tension than compression. This is because in 
most practical situations there are timber members to transfer contact forces if the 
plate starts buckling earlier than predicted, while no structural member can transfer 
additional forces if the plate fails in tension (consider e.g. a heel joint of a truss). 
However, to get a precise description of the behaviour of joints with nail plates it is 
important to have a model that can predict plate buckling. 
When planning the tensile tests (in order to get the plate properties) special care can 
be taken to avoid anchorage and timber failure before the plate has started 
yielding/failing. This can be ensured if a larger nail plate is used and if this nail 
plate is weakened in the joint line by cutting in the plate as shown previously in 
figure 3.11. It may, however, be discussed if this should be done or not. In practical 
situations the nail plates are not cut and since TRUSSLAB is developed to reflect 
the behaviour of practical joints it seems illogic that the nail plates were cut. 
However it seems impossible to design a test specimen for TP_60_0_150 where 
anchorage failure is avoided without cutting in the plate. 
The nail plates are uncut in the six basic test series used to determine the plate 
properties for the plate element in TRUSSLAB. 
Screws have in some cases been used to increase the anchorage capacity in order to 
avoid anchorage failure. The screws are normally located as far from the joint line 
as possible to assure that they do not influence the plate capacity. For the series 
TP_60_0_150 the screws are placed close to the joint line, which may have an 
impact on the failure mode and on the plate capacity, since the screws are located 
in the area that is considered to belong to the plate element. 
From comparisons between ultimate loads from the test results and from the 
predictions given by Eurocode 5 it is found that both of the methods given in the 
1993 version of the Eurocode 5 and in the final draft from 2001 give a good 
estimate of the plate capacities for this specific type of nail plate. 
In general the predicted ultimate loads given by TRUSSLAB are lower than those 
found in the tests. However, they are relatively close to each other in many cases 
(0%-35%). 
Table 3.3 shows the average of the maximum recorded loads per mm of joint line 
for each of the six basic tests together with the 5-percentile strength achieved from 
the Danish approval for the MiTek GNA20S nail plate, see Boligministeriet, 
Bygge- og boligstyrelsen, MK-Godkendelse, (1994) and from TRÆ 31 (1995). 
The values in table 3.3 for compression strengths – indicated by *) - are given by 
the Swedish approval Typgodkännandebevis 1690/87 (2001) due to the fact that 
these values do not occur in the Danish approval. 
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 ft,0 fc,0 ft,90 fc,90 fv,0 fv,90 
MK-approval 
(5-percentile) 268 109*) 174 88*) 89 89 
Test results 
(mean values) 283 145 195 101 120 84 
Table 3.3. Test results versus MK-approval. Units in N/mm. The values indicated 
by *) are from the Swedish approval. 
In all cases but one, the strength values from the tests exceed the values in the 
approvals. This is probably because the values from the tests are the mean of the 
recorded maximum values while the values in the MK-approval are the 5-
percentile. Anyhow, in Urfjell, S. B. & Anneling, R. (1991) it has been shown that 
tests with nail plates performed at 5 different laboratories can give different results, 
which might also explain the difference. Normally, there is only a relative small 
difference between mean values and characteristic values when steel is considered. 
However, the tests used to determine ft,0,  fv,0 and fv,90 are stopped before the 
ultimate load is reached, but it does not change the fact that the results from the 
tests give higher strength values compared with the values in the approval. 
During the production of the nail plate, the stamping process of the holes 
introduces a lot of prestresses in the nail plate, which may also affect the test 
results. TRUSSLAB is not able to deal with these prestresses, which may also 
explain a difference between the tests results and calculations in TRUSSLAB. 
Modification of the test results with regard to the actual thickness of the individual 
nail plate and the yield strength of the nail plate have not been considered. This is 
normally done when approvals of nail plates are made. 
Due to an assumption that the already performed tests gave some compression load 
capacities that were too high, additional tests with the two basic test series 
(CP_180_0_90 and CP_270_0_180) have been performed. Both the MiTek 
GNA20S and the MiTek GNT150S nail plates were tested. However, in three of the 
four new test series the load capacities were found to be even higher (up to 50%). A 
number of different additional tests were performed to find the explanation for this 
load increasing: 
• The gap between the timber members was varied between 2 and 6 mm. 
• Different sizes of nail plates were tested to analyse if there could be a size 
effect. 
• Two nail plates located symmetrically on either side and with mutual 
distance to see if this gave a higher load capacity compared with a centred 
nail plate on either side, see figure 3.27. 
• The nail plates were moved to ensure that the weakest part of the nail plate 
were located above the joint line, see figure 3.28. 
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• The side supports were loosened to see if it affected the load capacity. 
• Recreation of the previous test specimens with exactly the same sizes and 
locations of the nail plates was attempted. 
 
However, none of these initiatives could explain the increasing load capacities of 
the new tests. The only differences from the previous test were: 
• The timber members were not conditioned to 85% relative humidity before 
the test specimens were produced. The tests were carried out right after 
production. It should, however, not affect the capacity of the nail plate. 
• The specimens were not produced at the truss plant, but in the laboratory. 
The timber members were aligned by a steel beam, and the nail plates were 
pressed in one at the time. 
• The nail plates are produced from different coils in the two test programmes. 
 
The two last-mentioned points are the only explanations found that may cause the 
higher load capacities. But it seems strange that one of the four series gave results 
identical with the results from the tests performed earlier. 
 
Figure 3.27. Additional test specimen where the nail plate is divided into two nail 
plates with the same number of steel beams over the joint line. The nail plate is cut 
to ensure this. 
 
Figure 3.28. Additional test specimen where the nail plate is moved to see the 
influence on the plate capacity. 
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3.4 Properties of the Nail Element in TRUSSLAB 
The stiffness of a nail group is modelled by a nail element in TRUSSLAB. As input 
in TRUSSLAB the stiffness parameters of the nails for different combinations of 
the force, plate and grain direction are needed. In this section the properties needed 
as input in TRUSSLAB are determined. Furthermore, calculations with 
TRUSSLAB are compared to test results with the expressions given in the 
Eurocode 5. For a detailed description of the nail element in TRUSSLAB, see 
section 2.2. 
3.4.1 Basic Tests Used to Determine the Properties of the Nail Element 
The four basic test series are shown in figure 3.29. In the basic tests the timber, the 
force and the nail plate are rotated in steps of o90 . These four tests are suggested 
by others - see e.g. Foschi, R. O. (1977) and EN1075 (1999). 
 
Figure 3.29. Basic test series used to determine the properties of the nail element in 
TRUSSLAB. The main direction of the nail plate is illustrated by the shading. 
The gap between the timber members is 5 mm - EN1075 (1999) suggests not less 
than 2 mm. For each of the four series, 6 specimens have been tested. 
The notation of the specimens is SA_α_β_γ  (Special test arrangement Anchorage 
values) and TA_α_β_γ (Tension test arrangement Anchorage values). For a 
description of the test arrangements, see appendix A and for a definition of the 
angles α, β and γ , see figure 3.3. 
A nail close to the edges of the timber may not carry as much load as a nail located 
at a distance from the edges. In the test standard EN 1075 (1999) it is suggested not 
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to take the nails into account if they are located at a distance either less than 5 mm 
from an edge or less than 10 mm in the grain direction from the end of the timber 
member. This causes an increase in the calculated load capacity of the nails. In this 
study, however, it is decided that the nails in the edge area can carry a load that 
should not be neglected because in some of the test series a significant number of 
nails are located in that area. Furthermore, in Lau, P. W. C. (1986) it is shown that a 
nail with an edge distance of 5 mm has a load capacity of approximately 45% of 
the full load capacity when the nail is located at a distance of 20 mm to the edge. 
The tests were performed with the direction of force, the nail plate and the timber 
similar to the test series named SA_0_90_-90 in figure 3.29. In Nielsen, J. & 
Rathkjen, A. (1994) tests have shown that the full load and stiffness capacity is 
obtained with nails placed at a distance greater than or equal to 10 mm from the 
timber edge. These tests were performed with the direction of force, the nail plate 
and the timber similar to the test series named TA_0_0_90 in figure 3.29. 
In the light of the above-mentioned tests it has been chosen to take only half of the 
total number of nails in the area within 10 mm from the edge into account and these 
nails are then assumed to be fully active. This is done for all the test series. In 
general the number of nails is determined for each test specimen by counting before 
testing.The load-displacement curves for the four basic test series are shown in 
figure 3.30. The load is converted to N per mm2 of the anchorage area that is 
determined from the assumed number of fully active nails. It should be noted that 
the tests are continued until failure. 
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Figure 3.30. Load-displacement curves for the four basic test series used to 
determine the properties of the nail element in TRUSSLAB. The load is shown 
vertically in N/mm2 and the deformation on the horizontal axis in mm. 
Analysis of Timber Joints with Punched Metal Plate Fasteners – with Focus on Knee Joints 
 72
The three parameters k, kk and p0, shown in figure 3.31, have to be determined for 
each of the four basic test series. 
 
Figure 3.31. Illustration of the three input parameters for each of the four basic 
test series. 
The parameters are determined so the curve drawn using these parameters is some 
kind of an average of the test results for the current basic test series. Other more 
refined methods could have been used, but since there is a large variation within the 
test results for each test series the method used is assumed to be sufficient. In 
Wolfe, Ronald W. & McCarthy, Monica (1987) different methods to determine the 
parameters have been used and there may be a difference up to 10% of the 
estimated values depending on the chosen method. 
Timber failure, as shown in figure 3.32, occurred in the test series SA_0_90_-90 
and SA_90_90_0. The failure in the timber is a kind of splitting. The cracks in the 
timber do not proceed through the thickness of the beams. The withdrawal of the 
nails in the upper left-hand corner of the nail plate is a consequence of the splitting 
in the timber. 
 
Figure 3.32. Picture of timber failure that occurred in some of the tests used to 
determine the properties of the nail element. 
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The failure in the timber occurred in spite of the fact that the edges of the supports 
were located close to the nail plate. Additional tests have shown that the timber 
failure can be prevented only by removing some of the nails near the edge and by 
testing a small number of nails. Figure 3.33 shows test results from the series 
SA_0_90_-90 and SA_90_90_0 with and without timber failure. The load is 
converted to one nail. 
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Figure 3.33. Two test series where timber failure occurs, and the same two test 
series where timber failure are omitted. The load is shown vertically in N/nail and 
the deformation is shown on the horizontal axis in mm. 
As expected the load capacity of the joints is lower when timber failure develops. 
In practice and in EN1075 no nails are removed to avoid timber failure in joints 
with nail plates and, therefore, it seems logic to derive the properties for the nail 
element from the tests where timber failure occurred. 
In Kevarinmäki, Ari (2000) it is mentioned that the timber failure described above 
is often seen when the angle β between the force direction and the fibre direction is 
different from o0 . 
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The parameters for the four basic series are listed in table 3.4. The values are given 
per nail and they are determined from the tests where nothing is done to prevent 
failure in the timber. 
α, β k [N/mm] kk [N/mm] 0p  [N] 
0, 0 1200 1 180 
90, 0 1000 1 170 
0, 90 800 1 180 
90,90 700 1 150 
Table 3.4. Anchorage parameters for the MiTek GNA20S nail plate. The values are 
per nail. 
The values of kk are takes as 1 and not 0 due to the way the calculations are 
performed in TRUSSLAB. It is chosen to take k  as a multiple of 100 and 0p  as a 
multiple of 10. 
A comparison of calculations with TRUSSLAB and the test results from the four 
basic test series is shown in figure 3.34. 
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Figure 3.34. Comparison of TRUSSLAB and test results for the four basic test 
series. The load per nail shown vertically is measured in N, and the displacement 
shown horizontally is measured in mm. 
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In figure 3.34 it is seen that TRUSSLAB, with the chosen values for k, kk and p0, 
predicts the average of the load-displacement curves for each of the four basic 
series. 
In Nielsen, J. & Rathkjen, A. (1994) a large number of tests have been performed 
with nail plate type GNA20S in order to analyse the anchorage capacity. Results 
from three of these are comparable with the test series SA_0_90_-90, TA_0_0_90 
and TA_90_0_0 and the average maximum loads per nail for these series are 220 
N/nail, 220 N/nail and 140 N/nail, respectively. The corresponding values from the 
tests in this test programme are 170 N/nail 191 N/nail and 169 N/nail. The 
difference between the test programmes is up to 30%. In the tests performed by 
Nielsen and Rathkjen the moisture content in the timber was 11% at the time of 
production of the test specimens and at the time of testing. At the time the test 
specimens in this test programme were produced, the moisture content in the timber 
was 16-18% (according to EN1075). 
It should be noted that the results of the tests with anchorage capacities are 
dependent on the local wood properties. 
3.5 Comparison of Anchorage Test Results with TRUSSLAB 
Calculations and Eurocode 5 
In total, 120 tests have been performed including the 24 basic tests. The tests are 
used to verify the theory behind the nail element in the TRUSSLAB model. 
3.5.1 Test Series 
The test series are shown in figure 3.35. The moisture content of the timber is in the 
range 9-12% at the time of testing. The average density of the timber is determined 
as 470 kg/m3 when the moisture content in the timber was 14-18%. 
The direction of the nail plate, the force direction and the fibre direction are rotated 
in steps of o30 . The sizes and the location of the nail plates have been chosen so 
that failure occurs in the desired area (the upper beams in the figure). No nails have 
been removed. 
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Figure 3.35. Test specimens used to get the load-displacement curves for different 
combinations of α, β and γ. The figure is not in scale. Nail plate type GNA20S. 
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3.5.2 Comparison of Load-Displacement Curves from Tests with 
TRUSSLAB Calculations 
The results from the tests are shown in figure 3.36 and the results from calculations 
with TRUSSLAB are shown as a thick line. The load is shown vertically and is 
measured in N/nail and the displacement, shown horizontally, is measured in mm. 
In the figure the specimens are arranged in the same order as in figure 3.35. Again 
it is noted that the tests are continued until failure. 
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Figure 3.36. Test results versus results from TRUSSLAB calculations. 
Analysis of Nail Plate Type MiTek GNA20S 
 79
Timber failures are observed for all of the test series except for the four series 
where the force direction is parallel to the timber direction (TA_0_0_90, 
TA_30_0_120, TA_60_0_150 and TA_90_0_0). 
For many of the test series there is a big difference between the highest and the 
lowest ultimate loads, which is caused by the fact that the anchorage capacity is 
dependent on the properties of the timber. From an analysis of the test results it has 
been found that a high density of the timber can not always explain a high 
anchorage capacity but some local properties (e.g. the orientation of the grains or 
knots in the area where the nail plate is pressed in) of the timber may have an 
effect. In Wolfe, Ronald W. & McCarthy, Monica (1987) it was found that there is 
no consistent effect of the modulus of elasticity of the timber on the anchorage 
capacity. A lot of the curves have some jumps in the loads due to suddenly arising 
cracks in the timber. 
When all the factors affecting the anchorage capacity are taken into consideration it 
is evaluated that TRUSSLAB is able to predict the average load slip behaviour for 
several of the specimens quite well. 
3.5.3 Comparison of Ultimate Load from Tests with Eurocode 5 
The test results are compared with results from calculations with the expressions 
given in Eurocode 5. Simple linear interpolation could have been used between the 
test results, see Whale, L. R. J. (1995), but Eurocode 5 also contains a presumption, 
which requires the definition of three constants. The procedure to find these 
constants is based on the description given in Whale, L. R. J. (1995). 
Anchorage Capacity According to the Final Draft of Eurocode 5 (2001) 
According to the method in Eurocode 5 the anchorage capacity in the grain 
direction ( o0=β ) is given by: 
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where 
 0,0,af  is the anchorage strength for 
o0== βα  
 1k , 2k  and 0α  are fitted constants found as described in the following. 
 
For an arbitrary combination of α  and β  the anchorage strength is given by: 
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The constants 1k , 2k  and 0α  are found from a lower-bound bilinear relationship 
for the four test series with (β = o0 ), see figure 3.37. 
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Figure 3.37. Determination the constants 1k , 2k  and 0α . The test results are 
indicated by a ○. The anchorage capacity per nail is shown in N along the vertical 
axis. 
The anchorage stresses should satisfy the condition: 
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where Fτ  and Mτ  are the actual anchorage stresses found by: 
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AF  is the force acting on the plate at the centroid of the effective area and AM  is 
the moment acting at the centroid of the effective area. efA is the effective area and 
pW  is the plastic rotational section modulus determined by: 
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 ∫=
efA
p rdAW  (3.17) 
where r  is the distance from the centroid of the effective anchorage area to the area 
dA . pW  can be determined by numerical integration. 
From the test results the constants are determined as oper  N/nail 99.01 −=k , 
oper  N/nail 12.02 =k  and 
o300 =α . It should be noted that the constants are 
normally determined from tests with α  = o0 , o15 , o30 , o45 , o60 , o75  and o90  - 
here the constants are determined from only four tests with α  = o0 , o30 , o60  and 
o90 . 
The values N/nail1910,0, =af  and N/nail14490,90, =af  are determined as the 
average of the maximum anchorage value of each of the six tests in the two test 
series TA_0_0_90 and SA_90_90_0. 
Comparison 
The test results versus the calculated anchorage values from Eurocode 5 are 
illustrated in this section. The results from the tests are indicated by a  and the 
results from Eurocode 5 are shown as a continuous line. 
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Figure 3.38. Comparison between tests ( ) and Eurocode 5. The anchorage 
capacity is shown on the vertical axis in N per nail. 
When β  = o0  the predictions by Eurocode 5 are close to the test results. 
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Figure 3.39. Comparison between tests ( ) and Eurocode 5. The anchorage 
capacity is shown on the vertical axis in N per nail. 
When β  = o30  Eurocode 5 predicts a lower anchorage capacity than that found in 
the tests (on the safe side). 
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Figure 3.40. Comparison between tests ( ) and Eurocode 5. The anchorage 
capacity is shown on the vertical axis in N per nail. 
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Figure 3.41. Comparison between tests ( ) and Eurocode 5. The anchorage 
capacity is shown on the vertical axis in N per nail. 
For β  = o60  and β  = o90  the test results are quite close to the values achieved 
with the expressions in Eurocode 5. 
3.6 Conclusions on the Anchorage Capacities 
As shown in figure 3.32, timber failure is the dominating failure mode in the test 
series performed. Due to the variation of the properties of the timber, large 
variations in the stiffness and in the anchorage capacities are seen in the test results. 
This makes it difficult to make a precise modelling of the nails, but it is found that 
TRUSSLAB gives a reasonable estimation of the load-displacement curves for the 
tested joints. A method to eliminate timber failure could be to use a test specimen 
as shown in figure 3.42. 
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Figure 3.42. Test specimens where the risk for timber failure is eliminated. 
The risk of timber failure is eliminated since the nail plate almost covers the height 
of the horizontal beam. 
In Wolfe, Ronald W. & McCarthy, Monica (1987) it is shown that a comparison 
between different studies indicates a huge difference in the achieved properties of 
the nails. 
A comparison between the test results and the expressions given in Eurocode 5 
shows that Eurocode 5 in most cases gives a relatively good estimation of the 
anchorage capacity of the nail plate, and the formulas from Eurocode 5 are 
therefore implemented in TRUSSLAB. 
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4 Analysis of Nail Plate Type MiTek GNT150S 
 
In total 42 tests have been performed with the nail plate type MiTek GNT150S. 
From these tests the parameters needed as input in TRUSSLAB are determined. 
Besides the basic test series, no additional tests with other combinations of the 
timber, force and plate directions have been performed to verify the theory for the 
plate and nail element. For a test description and the test arrangements see 
appendix A. Some typical pictures of the failure modes are found in appendix B. 
The test results are compared with results from calculations with TRUSSLAB. 
The geometry for the GNT150S nail plate is shown in figure 4.1. 
 
Figure 4.1. Geometry of the MiTek GNT150S nail plate. Dimensions in mm. 
The nail density is 0.00672 nails/mm2. The nail plates are galvanized and are 
produced by punching the nails from a thin steel plate. 
The difference between the GNT150S and the GNA20S nail plates is the thickness 
of the steel, the geometry of the nails and the number of nails per hole. The 
GNT150S has only one nail per hole whereas GNA20S has two nails per hole. 
Furthermore, the GNT150S nail plate has a staggered arrangement of nail holes 
while the nail holes of GNA20S are located orthogonally, as mentioned earlier. 
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For a more detailed description of the determination of the plate properties, see 
section 3.1.1 where the method is described for the nail plate type GNA20S. 
Similarly for determination of the nail properties, a more detailed description is 
given in section 3.4.1. 
4.1 Properties of the Plate Element in TRUSSLAB 
To determine the properties of the plate element that reflects the behaviour of a 
GNT150S nail plate, the test series in figure 4.2 are used. Three specimens are 
tested within each test series. The height of the timber beams is 170 mm and the 
thickness is 45 mm. The gap between the members is 5 mm. 
 
73 x 265 133 x 175 
173x40 175 x 226 173 x 63 
73 x 265 
TPT_0_0_90 CPT_180_0_90 TPT_90_0_90 
TPT_90_0_180 CPT_270_0_180 TPT_0_0_0 
 
Figure 4.2. Basic test series used to determine the properties for the plate element 
in TRUSSLAB for the MiTek GNT150S nail plate. Dimensions in mm. 
The notation of the specimens is TPT_α_β_γ  (Tension test arrangement Plate 
values GNT150S nail plate) and CPT_α_β_γ (Compression test arrangement Plate 
values GNT150S nail plate), where α, β and γ are defined as in section 3.1.1. 
To avoid timber failure, the two test series TPT_0_0_0 and TPT_90_0_90 are 
weakened in the joint line and to avoid anchorage failure, the nail plate is weakened 
for the series TPT_0_0_90. The weakening is done by cutting slits in the nail plate 
and thereby reducing the length of the joint line. 
From an analysis of the test results the parameters shown in table 4.1 are found. 
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 Beams in plate main direction 
Beams perpendicular to 
plate main direction 
σy,t [N/mm2] 400 180 
εy,t 0.0067 0.0173 
σy,c [N/mm2] 265 250 
εy,c 0.0044 0.0240 
L [mm] 8.0 5.0 
h [mm] 4.0 7.0 
t [mm] 1.5 1.5 
E [N/mm2] 60000 10400 
Ep [N/mm2] 900 300 
Table 4.1. Parameters for the plate element for the MiTek GNT150S nail plate. 
The distance between the beams in the main direction of the nail plate is 7.1 mm 
and the distance between the beams perpendicular to the main direction of the nail 
plate is 20.5 mm. 
An illustration of the geometry of the beams for the GNT150S nail plate is shown 
in figure 4.3. 
 
Figure 4.3. Geometry for the beams in the plate element for the GNT150S nail 
plate. Dimensions in mm. 
For the nail plate type GNT150S the failure values needed as input in TRUSSLAB 
are shown in table 4.2. 
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 tu,σ  [N/mm
2] cu,σ  [N/mm
2] uτ  [N/mm
2] 
Beams parallel to the main 
direction 453 283 275 
Beams perpendicular to the 
main direction 211 275 430 
Table 4.2. Ultimate stresses for GNT150S used in TRUSSLAB. 
The test results together with results from TRUSSLAB for the six basic test series 
are shown in figure 4.4. The results from the tests are shown as continuous lines 
and the results from TRUSSLAB as dashed lines. The force is converted to N per 
beam and the deformation along the horizontal axis is measured in mm. 
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Figure 4.4. Load-displacement curves for the basic tests and corresponding 
TRUSSLAB calculations for the GNT150S nail plate. 
It is seen that the variation between the three identical tests is small. TRUSSLAB is 
able to predict the behaviour quite well except for the series CPT_180_0_90 and 
CPT_270_0_180 where TRUSSLAB expects an increase in the load capacity after 
the buckling has occurred, while the tests show that the load is decreasing. 
4.2 Conclusions on the Plate Capacities 
According to the test standard EN 1075 (1999) the nail plates should not have been 
weakened in the joint line. It is evaluated, however, that the weakening of the nail 
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plates for the series TPT_0_0_0, TPT_90_0_90 and TPT_0_0_90 has not affected 
the plate capacities in any way, since the weakening is performed to avoid 
anchorage failure due to a too small anchorage area for the series TPT_0_0_90 and 
to avoid bending/tension failure of the timber in the series TPT_0_0_0 and 
TPT_90_0_90. 
For the four tension tests the displacement transducers were dismounted after 
yielding occurred, but before the ultimate load was reached. For the two 
compression tests the displacement transducers were not dismounted before failure. 
From a comparison between the test results and results from calculations with 
TRUSSLAB it is concluded that TRUSSLAB estimates the behaviour of the 
deformation over the joint line well, except for the compression tests where 
TRUSSLAB overestimates the load capacity after buckling has occurred. 
Table 4.3 shows the average of the maximum recorded load per mm of plate for 
each of the six basic tests together with the characteristic 5-percentile achieved 
from the Danish approval for the MiTek GNT150S nail plate, see Boligministeriet, 
Bygge- og boligstyrelsen, MK-Godkendelse, (1996) and from TRÆ 31 (1995). 
The values in table 4.3 for compression strengths – indicated by *) - are given by 
the Swedish approval Typgodkännandebevis 5019/86 (2001) due to the fact that 
these values do not occur in the Danish approval. 
 ft,0 fc,0 ft,90 fc,90 fv,0 fv,90 
MK-approval 
(characteristic values) 433 184*) 130 160*) 130 148 
    Test results    
(mean values) 384 239 108 141 111 131 
Table 4.3. Test results versus MK-approval. Units in N/mm. The values indicated 
by *) are from the Swedish approval Typgodkännandebevis 5019/86 (2001). 
All values from the MK-approval except one are higher than the values achieved by 
the tests. This is the opposite of what is achieved for the GNA20S nail plate. An 
explanation to this is that the tests with the GNT150S nail plate are stopped earlier 
than the tests with the GNA20S nail plate, which can be seen from size of the 
deformations at the time when the tests were stopped. The tests with the GNT150S 
nail plate have been performed by two students as a part of their B.Sc.-thesis - see 
Nørgaard, M & Thomsen, K. B. (2001) - and not by the author. It should, however, 
be noted again that the tests are stopped before the ultimate load is reached, but 
after the plate has started yielding. 
Analysis of Timber Joints with Punched Metal Plate Fasteners – with Focus on Knee Joints 
 90
4.3 Properties of the Nail Element in TRUSSLAB 
The properties of the nail element for the GNT150S nail plate are determined from 
results of the test series shown in figure 4.5. Six specimens are tested within each 
test series. The height of the timber beams is 170 mm and the thickness is 45 mm. 
All tests are continued until failure. 
 
Figure 4.5. Test series used to determine the properties of the nail element for the 
GNT150S nail plate. 
The notation of the specimens is TAT_α_β_γ  (Tension test arrangement 
Anchorage values GNT nail plate) and SAT_α_β_γ (Special test arrangement 
Anchorage values GNT nail plate) where α, β and γ are defined as in section 3.1.1. 
In the series SAT_0_90_-90 and SAT_90_90_0 some of the nails have been 
removed to avoid timber failure. As mentioned in the chapter where the GNA20S 
nail plate is analysed, it is estimated that the most realistic properties are found 
when nothing is done to avoid timber failure. Unfortunately, the properties for the 
GNT150S nail plate are partly determined from two test series, where timber 
failure is avoided. This may give stiffness properties and ultimate loads that are too 
high for these two cases. 
The properties for the nail element are given in table 4.4. The values are given per 
nail. 
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α, β k [N/mm] kk [N/mm] 0p  [N] 
0, 0 1100 1 440 
90, 0 1500 1 330 
0, 90 1500 1 650 
90,90 2000 1 620 
Table 4.4. Anchorage parameters for the MiTek GNT150S nail plate. The values 
are per nail. 
The values of kk are taken as 1 and not 0 due to the way the calculations are 
performed in TRUSSLAB. 
The results from the four test series together with the calculations with 
TRUSSLAB are shown in figure 4.6. The results from TRUSSLAB are shown as a 
thick continuous line and the dots indicate the ultimate load level given by the 
expressions in Eurocode 5 with oper  N/nail 22.11 −=k , 
oper  N/nail 12 =k , 
o900 =α , N/nail4400,0, =af  and N/nail62090,90, =af . These values are only 
determined from the four basic test series and should therefore be used with care. 
The load is given in N per mm2 of the effective anchorage area (as for the MiTek 
GNA20 nail plate). 
0 1 2 3
0
2
4
6
      SAT090-90
0 1 2 3
0
2
4
6
      SAT90900
0 1 2 3
0
2
4
6
      TAT0090
0 1 2 3
0
2
4
6
      TAT9000
 
Figure 4.6. Test results and results from TRUSSLAB for GNT150S nail plate. The 
load on the vertical axis is measured in N/mm2 and the deformation on the 
horizontal axis is in mm. 
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As seen from the figure, TRUSSLAB is able to predict the behaviour quite well 
with the chosen values for k, kk and 0p . The results also show that the nails have 
higher load capacity when the load is applied perpendicularly to the grain direction, 
which may be caused by the fact that special care has been taken to avoid timber 
failure. For the series TAT_90_0_0 failure is predicted at a load level on 4.1 
N/mm2, which is caused by the high load capacities when the load is applied 
perpendicularly to the grain direction. 
4.4 Conclusions on the Anchorage Capacities 
In total 24 tests have been performed to determine the properties of the nail element 
for the GNT150S nail plate. Timber failures are not observed in the tests. This 
gives high load and stiffness properties when the load is applied perpendicularly to 
the grain direction. 
A comparison between the test results and calculations with TRUSSLAB shows 
that TRUSSLAB predicts the load-displacement curves well. The failure formulas 
from Eurocode 5 are implemented in TRUSSLAB and for three of the four basic 
series they predict the load level of failure well. For the series TAT_90_0_0, 
however, failure is observed at a load level of 2.2 N/mm2, whereas TRUSSLAB 
and Eurocode 5 predict the ultimate load level to be 4.1 N/mm2 (therefore, failure is 
not indicated in figure 4.6 for test series TAT_90_0_0). 
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5 Analysis of Knee Joints 
 
The knee joint is part of a frame truss as shown in figure 5.1. The slope of the 
rafters is 45° for the tested knee joints. 
fod
                           
Knee joint
Tested truss segment
 
Figure 5.1. Illustration of frame truss and knee joint. 
In total 60 tests with 24 different types of knee joints have been performed. The 
aims of the tests are to verify and improve TRUSSLAB and to find a good design 
of the knee joint. In order to do so, members of The Association of Manufacturers 
of Roof Trusses in Denmark have cooperated. 
At Aalborg University the knee joint has been investigated earlier and tests have 
been performed as well. In 1990 and 1991 some full-scale static and dynamic tests 
were performed on frame trusses with different designs of the knee joints, see 
Hansen, F. T., Mortensen, N. L., Kloch, S. & Hansen, L. P. (1990/1991). In 1992 
Mortensen, N. L. & Kloch, S. (1992) performed additional tests and analysis of 
knee joints. These tests showed that it is important to cover the upper end of the top 
chord with a nail plate to avoid splitting of the rafter, see figure 5.2. 
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Figure 5.2. Location of nail plate to avoid splitting of the rafter. 
The 60 tests in this project with knee joints were performed by two students as part 
of their B.Sc.-thesis, see Nørgaard, M. & Thomsen, K. B. (2001). The tests were 
divided into two test programmes in order to perform some pilot tests and 
afterwards improve the design of the joint and perform additional tests. In the 
present thesis the tests are treated as one programme. 
The results of the tests are compared with results of calculations in TRUSSLAB. It 
is shown how a finite element model is set up in TRUSSLAB and a parameter 
analysis is made for some of the relevant parameters and elements. For a test 
description see appendix C. 
5.1 Test Series 
The test specimens are made of Swedish spruce of strength class K24 (S10). Two 
different types of nail plates are used: MiTek GNA20S and MiTek GNT150S with 
a thickness of 1.0 and 1.5 mm, respectively. For a detailed description of the nail 
plates, see chapters 3 and 4. The thickness of the timber beams is 45 mm and in 
order to limit the number of test series it has been chosen to use one fixed total 
height of the rafter (245 mm) and two different total widths of the legs (290 mm 
and 360 mm). Further limitations are mentioned in the introduction to the thesis. 
The length of the rafter in the test series has been taken as 2 m. This gives a 
combination of sectional forces in the knee joint that corresponds to a frame truss 
spanning 7 m and loaded with dead load only (roof and ceiling). 
The 24 different test series are shown in the figures 5.3, 5.4, 5.5 and 5.6. To give an 
overview of the different test series not all dimensions are shown in the figures. For 
detailed drawings of the test series, see appendix C.3. 
The letters A-K give the notation of the specimens. A ‘T’ denotes a ‘Thin’ leg and 
the numbers ‘20’ and ‘150’ in the series name denote the plate type used in the 
knee joint. ‘2R’ denotes that the rafter consists of two beams. ‘2P’ denotes that two 
plates have been impresses on top of each other – double plates (this is done to all 
the nail plates except the one at the bottom of the leg). In all the series - except 
series K - the same GNT150S nail plate has been used for the nail plate located at 
the bottom of the leg. 
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Figure 5.3. A20, A150, B20, B150, C20 and C150. Dimensions in mm. 
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Figure 5.4. D20, D150, E20, E150, E150-2P and ET150-2P. Dimensions in mm. 
Analysis of Knee Joints  
 97
I150
10
00
120 240
45°
245
20
00
F150
10
00
240120
45°
20
00
245
ET150
145
10
00
45°
245
20
00
145
G150
45°
20
00
10
00
180180
245
F150-2R
10
00
240120
45°
20
00
100
145
H150-2R
10
00
120 240
145
45°
20
00
100
 
Figure 5.5. ET150, F150, F150-2R, G150, H150-2R and I150. Dimensions in mm. 
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Figure 5.6. J150, JT150, J150-2P, JT150-2P, K20 and KT20. Dimensions in mm. 
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In the series where the outer leg continues to the top of the rafter (see e.g. the series 
A and D in figures 5.3 and 5.4) it is the intention that it shall prevent splitting of the 
rafter. 
When planning the series B and C the same argumentation is used. In these series, 
however, no contact forces can be transferred between the rafter and the outer leg 
as in the series A and D (under the given load). However, the ‘arm’ to transfer the 
moment from the rafter to the legs is bigger compared to the series A and D. The 
series B and C may be difficult to manufacture due to the fact that height of the 
timber beams should be precise to produce a joint with minimal gaps between the 
timber members. However, the height of timber beams is often varying and a rafter 
with a target height of 245 mm can often be found with a height of only 243 mm. 
Series E is used to verify whether it is a good solution to let the rafter continue 
uncut to the edge or to let the outer leg continue to the top of the rafter as in series 
A and D. 
The series F150 and F150-2R are used to analyse the effect when the rafter consists 
of one beam versus the situation when the rafter is composed of two beams. 
The series G150 is tested because it is a common way to produce a knee joint 
(normally only with one beam in the leg). The series H150 and I150 are used to test 
the TRUSSLAB model and are only of theoretical interest. 
The series J and K and the different variations of the series E are all made on the 
basis of the experience from the first test programme. It is interesting to see what 
influence a thin leg has on the stiffness and strength of the knee joint. Furthermore, 
it will show if two nail plates impressed on top of each other will improve the 
behaviour of the knee joint. Series K is assumed to be a good design when only a 
GNA20S nail plate is used. 
Before the test specimens were produced the moduli of elasticity were measured 
for the uncut beams. This was done when the timber had a moisture content of 
approximately 16% according to 20° and 85% relative humidity. The moduli of 
elasticity are later adjusted to the moisture content of the timber at the time when 
the knee joints were tested. The rest of the storing, manufacturing and testing is 
performed according to DS/EN 26 891 (1993). 
5.2 TRUSSLAB Model for a Knee Joint and Parameter 
Analysis 
In this section it is explained how a finite element model of a knee joint is set up in 
TRUSSLAB. Furthermore, the influence of some of the parameters of the knee 
joint is analysed. For a detailed description of the special elements in the finite 
element model, see chapter 2. 
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5.2.1 TRUSSLAB Model of a Knee Joint 
In figure 5.7 an example of a TRUSSLAB model is shown. 
 
Figure 5.7. TRUSSLAB model for knee joint type E150. 
The node numbers are shown in a circle  and the location of the nodes is shown 
as a small dot - • or . 
The three timber beams are modelled by Timoshenko beam elements. The 
influence of using Bernoulli beams is analysed later in this chapter. They are 
located at the symmetry line of each of the beams in the knee joint. Auxiliary beam 
elements are used to transfer forces from e.g. a nail element to the symmetry line 
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(see e.g. the element from node 9 to node 12). There are six auxiliary elements in 
the knee joint type E150 (1-2, 9-10, 9-12, 12-13, 15-19 and 20-21). 
The nail elements are indicated by a small circle  and each nail element connects 
two nodes that are located at the centre of each nail group - one node on the timber 
and one node on the plate (see e.g. the element from node 7 to node 8). When 
calculating the strength and stiffness of the nail groups no reduction in the 
anchorage area is made (no effective area). 
A plate element connects two nail elements and is shown with a line denoted P (see 
e.g. the element from node 4 to 8). 
The contact element is indicated by a number of dashed lines – each indicating one 
of the contact beams in the contact element. In figure 5.7 the contact element 
connects the nodes 13 and 15. 
The location of the nodes 1 and 21 at the supports is chosen so that they correspond 
to the rotational axes in the test set-up. 
Besides the locations of the nail plates, the parameters needed as input in 
TRUSSLAB for the nail and plate elements are given in sections 3.1.1 and 3.4.1 for 
the GNA20S nail plate and in sections 4.1 and 4.3 for the GNT150S nail plate. 
The input parameters for the timber beams are given by the size of the timber 
beams (thickness and height) and from the measured moduli of elasticity. It is 
assumed that the modulus of elasticity is the same for the uncut beams and for the 
beam sections after the beams are cut into the required dimensions. 
The auxiliary elements are assumed to be stiff elements compared to the timber 
beams and are given a modulus of elasticity of 50000 N/mm2 and a shear modulus 
of 5000 N/mm2 – see also the parameter analysis. 
The contact element is given the same properties as the properties for compression 
perpendicular to the grain direction – i.e. a modulus of elasticity of 350 N/mm2 
according to DS 413 (1998). 
5.2.2 Parameter Analysis 
The influence of the different uncertain or variable parameters in TRUSSLAB is 
analysed in this section. For the beams the modulus of elasticity is an uncertain 
parameter and, furthermore, calculations are performed with Bernoulli beam theory 
and Timoshenko beam theory. The influence of the stiffness of the auxiliary 
elements is investigated as well. 
Due to the unclear test results from the additional plate compression tests, see 
section 3.3, it is analysed how a 25% weakening and a 25% reinforcement of the 
properties for the nail element and the plate elements change the results in 
TRUSSLAB. Furthermore, the influence of the contact element is analysed. 
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Since the second order theory is not included in TRUSSLAB (by establishing 
equilibrium of the deformed structure) it is also estimated how large the error is. 
The result from this is used when the test results are compared with calculations 
from TRUSSLAB. 
The influence of the different parameters is illustrated via changes in the load-
displacement curves for the knee joints. The direction of the load is shown in figure 
5.8. 
 
Figure 5.8. Illustration of load direction. 
The deformation is measured in the same direction. 
Influence of Moduli of Elasticity of the Timber Beams 
The modulus of elasticity for each of the beams in the TRUSSLAB model is taken 
as an average value of the measured moduli of elasticity for the corresponding 
uncut beams. However, at least two assumptions will make the modulus of 
elasticity an uncertain parameter: 
1. It is assumed that the modulus of elasticity for the cut timber section is the 
same as for the uncut beam (the timber beams for the knee joints are cut 
from beams with a length up to 5.1 m). 
2. For each of the uncut beams two different moduli of elasticity are measured 
– one where the beam is bending up and one where the beam is bending 
down (both are bending around the strong axis). In the TRUSSLAB model 
the average value is used, but in some cases there is a rather big difference 
between the two values – up to 20%. However, further tests and analyses 
have shown that these differences are caused by the test setup used. It is 
estimated that the average value of the measured moduli is close to the real 
one and no further corrections are made. 
Therefore, the influence of a change of ±10% in the moduli of elasticity is tested. It 
is assumed that the influence is more or less independent of the type of test series 
and it has been chosen to make the changes on the timber beams of the knee joint 
type E150. 
The load-displacement curves for the cases are shown in figure 5.9. 
Analysis of Knee Joints  
 103
0 2 4 6 8 10 12 14 16 18
0
5
10
15
20
25
30
35
40
45
50
Horizontal displacement in mm
F
or
ce
 i
n 
kN
+10 % -10 %
 
Figure 5.9. Load-displacement curves for the test series E150 when the moduli of 
elasticity are increased and decreased by 10%. 
When the moduli of elasticity are increased by 10% the horizontal deformation is 
decreased by 7%. The opposite is seen when the moduli of elasticity are decreased 
by 10%. 
As expected the modulus of elasticity has an influence on the behaviour of the 
frame. In the TRUSSLAB models an average of the two measured moduli of 
elasticity is used. 
Influence of Beam Theory 
The timber beams can be modelled as either Timoshenko or Bernoulli beams – see 
e.g. the description of the beam element on page 12. Again it is assumed that the 
effect is independent of the type of knee joint and the series E150 is chosen.  
Figure 5.10 illustrates the difference between the load-displacement curves when 
the timber beams are modelled by Timoshenko and Bernoulli beams. 
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Figure 5.10. Load-displacement curves when the beams are modelled by 
Timoshenko and Bernoulli theory. 
When using Timoshenko beams the horizontal deformation at maximum load level 
increases by 15%. It is chosen to model the timber beams as Timoshenko beams, 
since the contribution from the shear forces is included in the deformations. 
Influence of the Stiffness of the Auxiliary Elements 
The stiffness of the auxiliary elements has an impact on the load-displacement 
curves. The effect is dependent on the type of knee joint, since the lengths of some 
of the auxiliary elements are different from model to model. Two different sets of 
parameters have been used to analyse the effect – see table 5.1. G is the shear 
modulus and h is the height of the beam. 
 E  [N/mm2] G [N/mm2] h [mm] 
Stiff auxiliary elements 50000 5000 150 
Weak auxiliary elements 350 700 300 
Table 5.1. Parameters for stiff and weak auxiliary elements. 
The parameters for the weak auxiliary elements have been chosen so that the 
modulus of elasticity corresponds to the direction perpendicular to the grain 
direction, since all the auxiliary elements coincide with this direction. The height of 
the beams is estimated to be 300 mm. 
In figure 5.11 the load-displacement curves are shown for the knee joint types 
C150 and E150. The force is shown vertically in kN and the deformation is shown 
on the horizontal axis in mm. 
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Figure 5.11. Influence of stiffness of auxiliary elements. 
For the knee joint type C150 the deformation increases by 22% at a load level of 50 
kN when the parameters for the auxiliary elements are changed from stiff to weak. 
Similar changes increase the deformation by only 7% for the knee joint type E150. 
Additional analyses have shown that in particular one auxiliary element causes 
these relatively large changes for the knee joint type C150. The element connects 
nodes 19 and 20 and is shown in figure 5.12. 
 
Figure 5.12. Auxiliary element whose properties are important for the stiffness of 
the knee joint type C150. 
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In figure 5.13 some small changes have been made to the size of the nail plate in 
the knee joint type C150. These changes cause the auxiliary element from node 19 
to 20 to disappear and therefore the stiffness of this auxiliary element is no longer 
important. 
 
Figure 5.13. Changes of nail plate area so that the stiffness of the auxiliary element 
is no longer important. 
Normally a reduction in the size of the nail plate - as shown in figure 5.13 - will 
result in a knee joint with decreasing stiffness. However, if the auxiliary elements 
are given the weak properties the opposite occurs. Due to this reason the auxiliary 
elements are given the stiff properties. 
Influence of the Properties of the Plate Element 
The influence of the properties of the plate element is analysed by increasing and 
decreasing the stress level, respectively, where the plate beams start yielding in 
tension and buckling in compression with 25%. The stiffness parameters for the 
plate element are not changed. The changes to the properties are illustrated in 
figure 5.14. 
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Figure 5.14. Changes in plate properties. 
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The load-displacement curves with the changed plate properties are shown in figure 
5.15. 
0 2 4 6 8 10 12 14 16 18 20
0
5
10
15
20
25
30
35
40
45
50
Horizontal displacement in mm
F
or
ce
 i
n 
kN
 
Figure 5.15. Influence on load-displacement curve when the plate properties are 
weakened by 25% and reinforced by 25%. 
The changes do not affect the initial stiffness of the knee joint, but at a load level of 
50 kN the difference between the two calculated horizontal displacements is 21%. 
It is concluded that even a relatively large change in the plate properties (as 
illustrated in figure 5.14) does not affect the initial stiffness, but gives changes in 
the behaviour of the joint at higher load levels. 
It should be noted that E150 only consists of the nail plate type GNT150S but it is 
assumed that the influence of the plate properties is similar for knee joints with the 
plate type GNA20S. 
Influence of the Properties of the Nail Elements 
The properties of the nail elements are changed in a similar way as the properties 
for the plate element were changed (the stress level where the nails start behaving 
plastic is decreased/increased by 25%, see e.g. figure 5.14). The influence on the 
load-displacement curve for the knee joint type E150 is shown in figure 5.16. 
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Figure 5.16. Influence on load-displacement curve when the nail properties are 
weakened by 25% and reinforced by 25%. 
The changes only slightly affect (3.5%) the behaviour of the knee joint. Again it 
should be noted that E150 only consists of the nail plate type GNT150S, but it is 
assumed that the influence of the nail properties is similar for knee joints with the 
plate type GNA20S. However, for other types of the knee joint the changes may 
result in larger differences in the load-displacement curves. This could be the case 
for those knee joint types, where the anchorage stresses are close to the anchorage 
capacity. 
Influence of the Properties of the Contact Elements 
The influence of the different parameters of the contact elements is analysed. The 
analysis only considers the contact element that connects the rafter with the inner 
leg – see e.g. figure 5.7. Four conditions are considered: 
• Mutual differences between the force levels, where contact occurs for the 
different types of knee joint. 
• Influence of the location of the nodes that the contact element refers to. 
• Influence of contact or not and the influence of the gap size. 
• Influence of the length of the contact beam elements. 
 
The load level where contact between the rafter and the inner leg of the knee joint 
occurs is shown in table 5.2 for some of the knee joints. In these calculations the 
initial gap of the contact elements is taken as 1 mm. 
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A150 B150 C150 D150 E150 F150 J150 
43 kN 38 kN 38 kN 38 kN 41 kN 11 kN 50 kN 
A20 B20 C20  ET150  JT150 
40 kN 25 kN 30 kN  42 kN  38 kN 
Table 5.2. Load level where the gap is closed and contact develops. The initial gap 
size is taken as 1 mm. 
As seen from the table the load levels are different when contact develops. 
However, a tendency is that the gap closes earlier for the knee joints with the 
GNA20S nail plate compared to the knee joints with the GNT150S nail plate (see 
the knee joint types A, B and C). This is also expected since the GNT150S nail 
plate has higher stiffness and load capacity in compression than the GNA20S nail 
plate. 
It is also seen that contact develops at a low load level for the series F150. This 
may be due to the fact that there is no nail plate in the region between the inner leg 
and the rafter in this series. 
When considering the series E150, ET150, J150 and JT150 it is difficult to obtain a 
clear indication whether a thin leg causes the gap to close at a lower load level or 
not. It should be noted that the moduli of elasticity for the timber beams used in 
these four series are of the same order so that this cannot explain the unexpected 
results. 
If the gap size is taken as 0.1 mm the contact is established at a significantly lower 
load level. For series A150 the gap is closed at a load level of 8 kN if the initial gap 
size is taken as 0.1 mm. 
A model of series A150 without the small nail plate at the inner corner of the knee 
joints has been tested. Contact is then present at a load level of 31 kN and the 
influence on the horizontal displacements is 8% (initial gap size taken as 1 mm). As 
expected the analysis shows that the horizontal displacements increase when the 
nail plate is removed from the model. 
To analyse if the location of the nodes to which the contact element refers has an 
influence on the load level where the gap closes, two different TRUSSLAB models 
with knee joint type C150 have been set up. In one model the contact element 
connects nodes 14 and 16, whereas in the other model the contact element connects 
nodes 14 and 26, see figure 5.17. 
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Figure 5.17. Location of nodes for the knee joint type C150. 
From the load-displacement curves it is found that the horizontal deformation at 
maximum load level only differs by less than 1.5% for the two TRUSSLAB 
models. Furthermore, the load levels where the gaps are closed are almost identical. 
It is concluded that the choice of nodes for the contact element only slightly 
changes the behaviour of joints. 
The influence of the size of the gap is shown in figure 5.18, where the knee joint 
type C150 is used again. Four models with different gaps have been set up to see 
the effect of the size of the gap and to see which effect is has whether the contact 
element is active or not. The load-displacement curves for these models are shown 
in figure 5.18. 
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Figure 5.18. Knee joint type C150 with and without the contact element between 
the rafter and the inner leg. 
The difference between the model with full contact and the model with no contact 
is 5% when the displacements at maximum load level are considered. For the 
model with an initial gap size of 1 mm, the contact element is activated at a load 
level of 38 kN while the load level is 45 kN for the model with an initial gap of 2 
mm. 
It is chosen to use a gap size of 0.1 mm for all the contact elements. Due to the 
relatively precise production of the knee joints this seems to be a reasonable choice. 
Two models with the length of the contact beams taken as 20 mm and 100 mm, 
respectively, show that the difference in the behaviour of the knee joint is minimal. 
In the further TRUSSLAB calculations it is chosen to take the length of the beams 
in the contact element as 100 mm. 
Influence of Second Order Theory 
To analyse the influence of second order theory a model has been set up in a finite 
element program CALFEM, where it is possible both to use first order theory and 
second order theory (CALFEM is a finite element toolbox to MATLAB and is 
developed at Lund University, Sweden). The model only uses five beam elements, 
see figure 5.19. 
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Figure 5.19. Finite element model used to analyse the effect of second order theory. 
The elements no. 2 and no. 4 are given the properties of the leg and the rafter, 
respectively. Element no. 3 is used to model the behaviour of the joint. The 
properties of this element are determined so the deformation of the knee joint is of 
the same order as in TRUSSLAB (a horizontal displacement on 20 mm at a load 
level on 50 kN). 
The load-displacement curves for the models are shown in figure 5.20. 
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Figure 5.20. Difference between first and second order theory. 
Use of the second order theory causes the deformations to increase by 8%. 
5.3 Comparisons Between Test Results and Results from 
TRUSSLAB 
The results from the knee tests are compared with results from calculations using 
TRUSSLAB. Comparisons are made of load-displacement curves and of the 
ultimate loads and failure modes. 
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5.3.1 Load-Displacement Curves 
During testing the displacements are measured at four or five different locations – 
see appendix C.2.3. A comparison between the measured horizontal displacements 
(number 1 in figure 5.21) and the calculated corresponding displacements is made 
for all the test specimens. Furthermore, for some of the test specimens a 
comparison between the measured displacement between the inner leg and the 
rafter (number 2 in figure 5.21) and the shear displacement between the two legs 
(number 3 in figure 5.21) is performed. The rest of the displacement transducers are 
not used for comparison. 
 
Figure 5.21. Location of displacement transducers used for comparison. 
In order to “add” the effect of second order theory the calculated displacements in 
TRUSSLAB are multiplied by 1.08. This is the factor for the overall displacement. 
The measurements collected during the initial loading and unloading procedure are 
omitted in the shown load-displacement curves because in many cases they only 
disturb the plots. The calculated load-displacement curves from TRUSSLAB are 
given a horizontal offset to make the curves comparable with the curves from the 
tests (the initial slip is omitted). 
The measured load-displacement curves are shown as thin lines while the 
corresponding curves given by TRUSSLAB are shown as thick lines. 
In the figures 5.22 to 5.45 comparisons between the tests and TRUSSLAB are 
shown. Only the horizontal deformation is considered in these figures. In the four 
cases where two nail plates are on top of each other it should be noted that no 
calculations have been made in TRUSSLAB. The results from the testing of these 
four series are shown for comparison with the rest of the series. The calculations in 
TRUSSLAB are proceeded up to a load level on 50 kN and are not stopped due to 
failure in the timber or in the nail plate. 
The testing is stopped close to failure and the displacement transducers are 
dismounted. Then the testing is proceeded until failure is reached and the ultimate 
load level is noted. The load levels increase 0-2 kN after the displacement 
transducers are dismounted and before the ultimate load level is reached. 
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In TRUSSLAB only one model is made for each of the test series. Each of the 
timber beams in the models is given an average modulus of elasticity that is 
calculated from the timber beams in the corresponding test specimens, i.e. the 
modulus of elasticity for the rafter in the series A20 is determined as an average 
value of the two moduli of elasticity for the two rafters in the test series A20. 
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Figure 5.22. Load-displacement curves for series A20. 
 
0 5 10 15 20 25 30 35
0
10
20
30
40
50
                      A150
Horizontal displacement in mm
F
or
ce
 in
 k
N
 
Figure 5.23. Load-displacement curves for series A150. 
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Figure 5.24. Load-displacement curves for series B20. 
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Figure 5.25. Load-displacement curves for series B150. 
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Figure 5.26. Load-displacement curves for series C20. 
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Figure 5.27. Load-displacement curves for series C150. 
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Figure 5.28. Load-displacement curves for series D20. 
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Figure 5.29. Load-displacement curves for series D150. 
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Figure 5.30. Load-displacement curves for series E20. 
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Figure 5.31. Load-displacement curves for series E150. 
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Figure 5.32. Load-displacement curves for series E150-2P. No predictions are 
given by TRUSSLAB since the properties of two nail plates on top of each other 
have not been determined. 
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Figure 5.33. Load-displacement curves for series ET150-2P. No predictions are 
given by TRUSSLAB since the properties of two nail plates on top of each other 
have not been determined. 
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Figure 5.34. Load-displacement curves for series ET150. 
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Figure 5.35. Load-displacement curves for series F150. 
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Figure 5.36. Load-displacement curves for series F150-2R. 
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Figure 5.37. Load-displacement curves for series G150. 
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Figure 5.38. Load-displacement curves for series H150-2R. 
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Figure 5.39. Load-displacement curves for series I150. 
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Figure 5.40. Load-displacement curves for series J150. 
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Figure 5.41. Load-displacement curves for series JT150. 
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Figure 5.42. Load-displacement curves for series J150-2P. No predictions are 
given by TRUSSLAB since the properties of two nail plates on top of each other 
have not been determined. 
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Figure 5.43. Load-displacement curves for series JT150-2P. No predictions are 
given by TRUSSLAB since the properties of two nail plates on top of each other 
have not been determined. 
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Figure 5.44. Load-displacement curves for series K20. 
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Figure 5.45. Load-displacement curves for series KT20. 
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For the TRUSSLAB models of the series F150-2R and H150-2R it has been 
necessary to add an extra auxiliary element to make the models behave as the test 
specimens. This is caused by the support conditions in the test set-up, where the 
support of the rafter covers both the upper and the lower beam (these two series are 
produced from a rafter that is composed of two beams). The extra auxiliary element 
ensures that the rafter beams are unable to perform a mutual shear deformation near 
the support. 
In table 5.3 it can be seen for which series the initial stiffness is predicted well by 
TRUSSLAB and if the initial stiffness is over- or underestimated (the initial 
stiffness is determined in the load range 0-10 kN). Furthermore, it is indicated at 
which load level (40%, 50% or 60% of maximum load level in the tests) 
TRUSSLAB starts deviating from the test results. 
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  Initial stiffness   
Load level 
at deviation  
 
Under-
estimating 
10-20% 
OK 
±10% 
Over-
estimating 
10-20% 
40% 50% 60% 
A20  X  X   
A150  X   X  
B20  X   X  
B150  X  X   
C20  X  X   
C150  X   X  
D20  X    X 
D150  X  X   
E20  X   X  
E150  X  X   
ET150  X  X   
F150  X    X 
F150-2R  X    X 
G150  X    X 
H150-2R  X  X   
I150   X X   
J150  X  X   
JT150  X   X  
K20  X   X  
KT20   X X   
Table 5.3. Comparison between results from TRUSSLAB and test results. 
From the table it is seen that most of the models in TRUSSLAB are able to predict 
the initial stiffness well. Again, it is noted that to include the second order theory 
the deformations in TRUSSLAB have been multiplied by 1.08. 
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TRUSSLAB is able to predict the behaviour of the knee joints up to a load level of 
40-60% of the maximum load level. At higher load levels TRUSSLAB 
overestimates the stiffness of the joints. The reason for the overestimation may be 
found in one or more of the following explanations: 
• The timber is assumed to show linear-elastic behaviour. In most of the test 
series compression parallel to the fibres resulted in failure (kinking band) 
followed by large plastic deformations. This is observed in the rafter near 
the contact zone with the inner leg. Furthermore, there is a biaxial stress 
situation in the same area due to the contact forces between the inner leg and 
the rafter and the bending moment in the rafter. This biaxial stress situation 
is not taken into account in TRUSSLAB. 
 
• TRUSSLAB is not able to treat the development of cracks/splitting in the 
timber. In many test series cracks developed at the end of the rafter or in the 
inner leg. 
 
For the two test series E150 and J150 the measurements from the displacement 
transducers that measure the deformation between the rafter and the inner leg and 
the shear between the legs have been compared with corresponding deformations 
from TRUSSLAB, see e.g. figure 5.21 for the location of the displacement 
transducers. The figures 5.46 and 5.47 show the deformation between the rafter and 
the inner leg, and the figures 5.48 and 5.49 show the shear deformation between the 
legs. Additional auxiliary elements are used in TRUSSLAB to determine the 
deformations at the relevant locations. 
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Figure 5.46. Deformation between the rafter and the inner leg for series E150. 
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Figure 5.47. Deformation between the rafter and the inner leg for series J150. 
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Figure 5.48. Shear deformation between the legs for series E150. 
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Figure 5.49. Shear deformation between the legs for series J150. 
For the series E150 it is seen that TRUSSLAB is able to predict the initial stiffness, 
while TRUSSLAB overestimates the stiffness at higher load levels. For series J150 
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the same tendency is seen when the shear deformation is considered, but an 
overestimation of the initial stiffness is observed for the deformation between the 
rafter and the inner leg. 
5.3.2 Failure Modes and Ultimate loads 
During testing the following failure modes are observed – see also figure 5.50: 
Timber: - Compression failure in the rafter parallel to the grain - kinking band. 
- Large compression deformations perpendicular to the grain in the 
rafter at the contact zone between the rafter and the inner leg. 
 - Shear failure in the rafter or in the leg. 
 - Splitting of the rafter or the leg. 
 - Moment failure (tension) in the rafter. 
 
Nail plate: - Anchorage failure/withdrawal of nails. 
- Compression failure/buckling of the nail plate. 
 - Tension failure in the nail plate 
 - Shear failure in the nail plate. 
Stukn
ing
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sammentrykning
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ben
Flækning i
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Plate buckling/
anchorage failure
Timber splitting
Timber shear
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Tim r splitting /
shear failure
Anchorage
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plate shear  
Figure 5.50. Illustration of failure modes. 
The two first-mentioned failure modes in the timber (kinking band and large 
compression deformations perpendicular to the grain direction) are often seen in 
combination with each other. In some of the test series, however, it is difficult to 
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determine whether kinking band is present or not due to the nail plate that is 
covering the timber in this area (e.g. test series A). It has therefore been chosen 
always to assume that the two failure modes are present if large compression 
deformations perpendicular to the grain direction are observed in the area. 
Photographs of some of the failure modes are shown in the figures 5.51 to 5.56. 
  
Figure 5.51. Compression between rafter and inner leg, kinking band and plate 
buckling. 
 
Figure 5.52. Shear failure in the rafter and in the leg. 
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Figure 5.53. Moment tension failure in the rafter. 
 
Figure 5.54. Anchorage failure at the outside corner. 
 
Figure 5.55. Plate buckling. 
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Figure 5.56. Tension failure in the nail plate between the outer leg and the rafter 
and buckling at the inner corner. 
Some of the failure modes are a consequence of other failure types. E.g. in some 
cases anchorage or plate failure may develop due to splitting of the rafter. 
TRUSSLAB is able to predict plate failure (shear, tension and compression failure) 
and anchorage failure (no reduction in the anchorage area is made). Furthermore, 
failure criteria for combinations of tension, compression and moment failure and 
pure shear failure in the timber are implemented in TRUSSLAB. However, 
TRUSSLAB is not able to predict the splitting/shear failures parallel to the grain 
direction that are observed in some of the test series in the rafter and in the leg. 
In the figures 5.57 to 5.66 the observed failure modes from the tests are compared 
with the failure modes predicted by TRUSSLAB.  
The failure modes from the tests are listed in the order they are observed and the 
average maximum load level is noted. In the figures timber failures are divided into 
three groups: “Timber splitting”, which includes shear failures, “Timber”, which 
covers combined bending and tension failures and “Compression perpendicular and 
kinking band”. “Plate” covers both plate tension and shear failure and plate 
buckling. “Nail” denotes anchorage failure. 
For each of the predicted failure modes in TRUSSLAB it is also noted when the 
failure is registered. The calculations in TRUSSLAB are performed with load steps 
of approximately 2-3 kN and the failure check is made after equilibrium has been 
established for each load step. The calculations in TRUSSLAB are proceeded 
without any changes when failure is predicted. 
All failure parameters used in TRUSSLAB are mean values. For the timber, mean 
values for strength class K24 are used. The values are calculated from the 5-
percentile listed in the Danish timber code DS 413 (1998) and a logarithmic normal 
distribution with a coefficient of variance of 20%. The values are listed in table 5.4. 
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 mf  tf  cf  90,cf  vf  
Characteristic values [MPa] 24.0 16.0 20.0 3.5 3.0 
Mean values [MPa] 34.0 23.0 28.0 5.0 4.3 
Table 5.4. Strength values for K24 timber.  
Where: 
mf  is the bending strength 
tf  is the tension strength 
cf  is the compression strength 
90,cf  is the compression strength perpendicular to the grain direction 
vf  is the shear strength 
 
The strength values have not been modified by any load duration factor. In the 
Danish timber code DS 413 (1998) and in Eurocode 5 (2001) there is a 
modification factor of 0.9 of the strength values if the load is a short-term load (less 
than one week) and a modification factor of 1.1 if the load is an instantaneous load 
(e.g. wind load and accidental load). 
A few special comments are given after each figure, but general comments on the 
results are given after figure 5.66. 
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A20
A150
TRUSSLAB:
25 kN Plate
37 kN Timber
37 kN Plate
TESTS:
Plate buckling,
compression perp.
kinking band
Plate
Failure load 31 kN
TRUSSLAB:
35 kN Plate
38 kN Timber
38 kN Plate
TESTS:
Plate buckling,
compression perp.
kinking band
Splitting of timber
Failure load 35 kN
 
Figure 5.57. Failure modes for series A20 and A150. 
The first plate failures predicted by TRUSSLAB for the series A20 and A150 are 
caused mainly by compression in the plate beams located near the contact zone, 
which is also observed in the tests. In series A150 splitting is the main reason for 
failure. 
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B20
B150
TRUSSLAB:
17 kN Plate
22 kN Plate
22 kN Plate
42 kN Timber
42 kN Plate
TESTS:
Plate buckling,
compression perp.
kinking band
Nail
Failure load 33 kN
TRUSSLAB:
35 kN Plate
38 kN Timber
38 kN Plate
38 kN Plate
TESTS:
Plate buckling,
compression perp.
kinking band
Splitting of timber
Failure load 38 kN
 
Figure 5.58. Failure modes for series B20 and B150. 
For series B20 plate failure at the outer corner of the knee joint is predicted at an 
unexpectedly low load level (22 kN) and TRUSSLAB is not able to predict the nail 
failure in this area, which is the main reason for failure in this test series. In series 
B150 splitting is the main reason for failure. 
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C20
C150
TRUSSLAB:
19 kN Plate
22 kN Plate
28 kN Plate
36 kN Timber
36 kN Nail
TESTS:
Plate buckling,
compression perp.
kinking band
Nail
Failure load 33 kN
TRUSSLAB:
31 kN Plate
35 kN Plate
38 kN Timber
TESTS:
Plate buckling,
compression perp.
kinking band
Timber failure
Failure load 39 kN
 
Figure 5.59. Failure modes for series C20 and C150. 
As for series B20 the plate failure at the outer corner of the knee joint for series 
C20 is predicted at an unexpectedly low load level (22 kN) and TRUSSLAB is not 
able to predict the nail failure in this area, which is the main reason for failure in 
the tests. 
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D20
D150
TRUSSLAB:
20 kN Plate
36 kN Timber
TESTS:
Plate buckling,
compression perp.
kinking band
Plate
Failure load 32 kN
TRUSSLAB:
28 kN Plate
38 kN Timber
TESTS:
Plate buckling,
compression perp.
kinking band
Splitting of timber
Failure load 34 kN
 
Figure 5.60. Failure modes for series D20 and D150. 
For series D20 TRUSSLAB does not predict plate failure at the outer corner of the 
nail plates in the knee joint. In series D150 splitting is the main reason for failure. 
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E20
E150
TRUSSLAB:
28 kN Plate
31 kN Plate
34 kN Plate
38 kN Timber
TESTS:
Plate buckling,
compression perp.
kinking band
Splitting of timber
Timber
Failure load 41 kN
TRUSSLAB:
39 kN Timber
39 kN Plate
TESTS:
Plate buckling,
Nail
Splitting of timber
Timber
Failure load 44 kN
 
Figure 5.61. Failure modes for series E20 and E150. 
In both test series splitting occurred in the timber, which is a failure mode that is 
not implemented in TRUSSLAB. 
Analysis of Timber Joints with Punched Metal Plate Fasteners – with Focus on Knee Joints 
 142 
ET150
F150
TRUSSLAB:
28 kN Plate
34 kN Timber
34 kN Plate
34 kN Plate
TESTS:
Plate buckling
Splitting of timber
Splitting of timber
Failure load 41 kN
TRUSSLAB:
36 kN Timber
36 kN Plate
38 kN Nail
TESTS:
Timber splitting
Nail
Timber splitting
Failure load 29 kN
 
Figure 5.62. Failure modes for series ET150 and F150. 
For test series F150 it is surprising that the first failure predicted by TRUSSLAB is 
at a load level of 36 kN. This can be caused by the fact that many forces have been 
transferred by contact between timber members. In series ET150 and F150 splitting 
is the main reason for failure. 
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F150-2R
G150
TRUSSLAB:
14 kN Plate
14 kN Plate
14 kN Plate
14 kN Plate
14 kN Plate
TESTS:
Compression perp.
kinking band
Nail
Failure load 29 kN
TRUSSLAB:
25 kN Plate
30 kN Plate
35 kN Timber
35 kN Plate
TESTS:
Nail
Splitting of timber
Failure load 35 kN
 
Figure 5.63. Failure modes for series F150-2R and G150. 
In neither of the series TRUSSLAB predict nail failure, but for the series G150 the 
nail failure may be caused by timber splitting. No buckling of the nail plate is 
observed for series G150 in the contact zone in the tests. 
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H150-2R
I150
TRUSSLAB:
27 kN Plate
30 kN Timber
30 kN Timber
TESTS:
Plate buckling
Timber splitting
Timber
Failure load 36 kN
TRUSSLAB:
25 kN Plate
25 kN Plate
36 kN Timber
36 kN Timber
TESTS:
Compression perp.
kinking band
Nail
Plate
Failure load 28 kN
 
Figure 5.64. Failure modes for series H150-2R and I150. 
Series I150 is the only series where shear deformations are observed in the nail 
plates at the bottom of the legs. 
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J150
JT150
TRUSSLAB:
35 kN Plate
38 kN Plate
38 kN Timber
TESTS:
Timber splitting
Timber splitting
Timber
Failure load 42 kN
TRUSSLAB:
22 kN Plate
25 kN Plate
28 kN Plate
34 kN Timber
TESTS:
Plate buckling,
compression perp.
kinking band
Splitting of timber
Failure load 35 kN
 
Figure 5.65. Failure modes for series J150 and J150. 
For series J150 no buckling of the nail plate in the contact zone is observed in the 
tests. In series JT150 splitting is the main reason for failure. 
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GNA20S
103x258
20
0
0
GNA20S
103x258
20
0
0
K20
KT20
TRUSSLAB:
20 kN Plate
25 kN Plate
28 kN Plate
31 kN Plate
TESTS:
Plate buckling,
compression perp.
kinking band
Timber splitting
Timber splitting
Failure load 37 kN
TRUSSLAB:
14 kN Plate
16 kN Plate
19 kN Plate
20
0
0
GNA20S
152x337
24
20
0
0
GNA20S
152x337
24
TESTS:
Plate buckling,
compression perp.
Timber splitting
Timber splitting
Failure load 27 kN
 
Figure 5.66. Failure modes for series K20 and KT20. 
Both of the series failed due to timber splitting. For the series KT20 TRUSSLAB 
predicts plate failure at a relatively low load level in the outer nail plate in the knee 
joint. 
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In general there seems to be relative major differences between the failure modes 
and ultimate loads found in the tests and those predicted by TRUSSLAB. In 
TRUSSLAB the “first” failures are predicted at a load level of 50-100% of the 
maximum ultimate loads found in the tests. However, some comments should be 
made on this fact: 
• In TRUSSLAB compression failure in the plate is the main reason for plate 
failure at a low load level for many of the series – e.g. series A20 where 
plate failure occurs at 25 kN in the compression zone. In the tests buckling 
of the nail plate in this zone is also observed, but the load capacity of the 
joint has not been reached due to compression between the timber members. 
• When calculating the anchorage capacity in TRUSSLAB it is based on the 
strength values attained from the basic tests where the nails in the anchorage 
area are centrally loaded. The sizes of the nail plates in these tests are 
relatively small compared to the sizes of the nail plates used in the knee 
joints. These things may make a difference but it is difficult to say whether 
these differences will result in predictions that are on the safe or unsafe side. 
In the TRUSSLAB models of the knee joints all nails are assumed to be able 
to carry full load – also the nails close the joint lines. In practice these nails 
may only have a load-carrying capacity of 50% of a nail with full capacity – 
see also the discussion in section 3.4. 
• TRUSSLAB predicts timber failure at the bottom of the outer leg at a load 
level of 20-35 kN. Due to the support conditions and due to the reinforcing 
nail plate located in this area this failure mode is restricted during testing. To 
clarify the figures 5.57 to 5.66 it is chosen not to illustrate this failure mode 
in the figures. 
A clear method to improve the failure conditions in TRUSSLAB and to make 
TRUSSLAB predict failure modes and loads that are closer to the test results does 
not seem to exist, since the failure conditions implemented in TRUSSLAB were 
relatively close to the test results in all the “simple” tests performed with the 
GNA20S nail plate. However, in all the “simple” anchorage tests with the GNA20S 
the nail groups are only centrally loaded, whereas in the knee joints the nail groups 
are also loaded with a moment. In other literature eccentrically loaded nail groups 
have been investigated and tested. In Blaβ, H. J., Ehlbeck, J. & Kurzweil, L. (1997) 
test results are compared with the expressions in Eurocode 5 (1993). In 
Kevarinmäki, Ari (2000) comparisons between tests and the expressions in 
Eurocode 5 (2001) are made and quite reasonable results are found when using the 
expressions for the anchorage capacity similar to those in the final draft of 
Eurocode 5 (2001). In TRUSSLAB the expressions from Eurocode (2001) are 
implemented. 
It should also be noted that splitting of the timber is not implemented in 
TRUSSLAB and that the timber is modelled by linear elastic beam elements. If the 
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timber was modelled by nonlinear beam elements the forces may be transferred in a 
different way, since the stiffness would then be dependent on the stresses in the 
timber beams. 
In the test series A to E plate buckling is observed in the small nail plate in the 
contact zone between the rafter and the inner leg. TRUSSLAB, however, does not 
predict failure in this nail plate in all these five test series. The reason for this can 
be found when having a closer look at the deformations in the individual beams in 
the main direction of the plate. In figure 5.67 a deformed plot for a section of the 
test series A20 is shown. 
Beam in tension
Beam in compression
Beams in compression
Beams in tension
 
Figure 5.67. Deformed plot for a section of the test series A20. The three beams to 
the right are parts of the small nail plate, whereas the rest of the beams is part of 
the large nail plate. 
In TRUSSLAB the deformation of the beams is not continuous between the two 
plate elements and this results in the fact that plate failure is not predicted in the 
small plate that connects the inner leg and the rafter. 
However, the photographs shown in figure 5.68 indicate that the small plate may 
not buckle as much as the large plate, but this was not the case for all of the test 
series. 
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Figure 5.68. Buckling of nail plate for test series A150. 
From figure 5.68 it is also observed that the buckling line is not following the joint 
line between the leg and the rafter, which is assumed in the theory of the plate 
element. 
5.4 Choice of Promising Designs for Knee Joint 
The different test series will be compared with each other and some promising 
designs for the knee joint are determined. 
The failure moment in the knee joint is calculated on the basis of an eccentricity of 
397 mm for the knee joints with a leg width of 360 mm and an eccentricity of 407 
mm for the knee joints with a leg width of 290 mm. A definition of the eccentricity 
e is shown in figure 5.69. 
 
Figure 5.69. Definition of the eccentricity used for calculation of the failure 
moment. 
The failure moment is calculated from the initial eccentricity although the 
eccentricity increases by up to 5% during testing. This is on the safe side. 
As a comparison between the individual test series table 5.5 shows some important 
results from the tests. F05 is the force at a horizontal deformation of 5 mm, F10 is 
the force at a horizontal deformation of 10 mm, Fmax is the maximum load and Mmax 
is the corresponding maximum moment. All values are mean values of the test 
specimens in the actual test series and the initial slip is not included when F05 and 
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F10 are determined. F05 and F10 are used as a kind of stiffness measurement, 
whereas Mmax is a measurement of the strength of the knee joint. 
Series F05 [kN] F10 [kN] Fmax [kN] Mmax [kNm] 
A20 14 24 31 12.3 
A150 14 26 35 13.9 
B20 16 26 33 13.1 
B150 15 26 38 15.1 
C20 13 23 33 13.1 
C150 14 25 39 15.5 
D20 15 25 32 12.7 
D150 16 26 34 13.5 
E20 17 30 41 16.3 
E150 17 30 44 17.5 
E150-2P 20 36 44 17.5 
ET150-2P 19 31 51 20.8 
ET150 17 27 41 16.7 
F150 13 22 29 11.5 
F150-2R 11 18 29 11.5 
G150 15 27 35 13.9 
H150-2R 15 26 36 14.3 
I150 12 19 28 11.1 
J150 16 30 42 16.7 
JT150 15 26 35 14.2 
J150-2P 18 32 40 15.8 
JT150-2P 17 25 40 16.3 
K20 16 29 37 14.7 
KT20 16 25 27 11.0 
Table 5.5. Important results from the individual test series. 
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From the table it is found that the four series (E150-2P, ET150-2P, J150-2P and 
JT150-2P) with two nail plates on top of each other have relatively high stiffness 
values (F05 and F10) and high failure moments. However, when these series were 
manufactured some problems arose: cracks developed in the timber due to the 
significant number of embedded nails and the pressing had to be repeated several 
times to ensure that there was no gap between the timber and the nail plate. 
Furthermore, some of the nails of the upper nail plate were bent during pressing. 
As a consequence of this a solution could be to increase the thickness of the nail 
plate or to use specially fabricated nail plates with a smaller number of nails, which 
would be more suitable for this propose. In Denmark, however, 1.5 mm is the 
maximum thickness of nail plates used for manufacturing trusses. 
When comparing the series A and D with the series E it is found that the best 
solution is to let the rafter proceed to the outer corner of the knee joint. 
As expected when the rafter consists of two rafters the stiffness decreases by up to 
20% but this does not seem to affect the strength of the knee joint, see the series 
F150 and F150-2R. 
When the width of the leg is reduced from 360 mm to 290 mm there are some 
confusing results. For the test series with two nail plates on top of each other the 
stiffness is decreasing but the strength is increasing (E150-2P with ET150-2P and 
J150-2P with JT150-2P). When the modulus of elasticity for the beams in those 
tests series is investigated no explanation can be found. For the series E150/ET150 
and J150/JT150 a decreasing width of the leg results in less stiffness and less 
strength, which is also expected. 
The series E150, ET150, J150 and JT150 seem to be reasonable designs with high 
stiffness and high strength properties and they were produced without any problems 
although the pressing should be repeated due to the large sizes of the nail plates. 
However, the nail plates used for those designs are special nail plates that are cut at 
an angle of 45º. 
5.5 Conclusions 
Comparisons between test results and results from calculations with TRUSSLAB 
show that TRUSSLAB predicts the load-displacement curves quite well up to a 
load level of 40-60% of the ultimate load level. The main reasons for the 
overestimation of the stiffness by TRUSSLAB (at higher load levels) are that the 
timber is modelled by linear elastic beam elements and that cracks and splitting are 
observed during testing. The ultimate loads and failure modes predicted by 
TRUSSLAB are in several cases not similar to those found in the tests. This is 
again in several cases caused by the fact that timber splitting is not implemented in 
TRUSSLAB. 
Analysis of Timber Joints with Punched Metal Plate Fasteners – with Focus on Knee Joints 
 152 
During manufacture of the test series with two nail plates on top of each other, 
different problems rose. These problems have to be solved before these types of 
knee joints should be used. The results from the tests showed, however, high 
stiffness and strength properties. 
The effect of the leg width is a bit unclear. But for the series with one nail plate on 
either side the stiffness and the strength decrease when the width of the leg is 
changed from 360 mm to 290 mm. 
When the rafter is made up of two beams the stiffness decreased, but it seems that 
the strength is unaffected. 
When designing knee joints it should be considered whether it is a wish to make the 
knee joint so strong that failure occurs in the timber areas outside the knee joint. 
This makes the failure mode more brittle and the variance of the ultimate load level 
increases. However, when designing a frame truss the horizontal deformation at the 
knee joint is often the critical factor. To avoid large horizontal deformations the 
rafter is often larger than required from the strength calculations. This is also 
making the discussion with the failure mode irrelevant.
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6 Analysis of Frame Truss 
 
In this chapter a frame truss with knee joint type ET150 is analysed using 
TRUSSLAB. The dimensions of the timber beams and the sizes and locations of 
the nail plates are determined by a truss manufacturer according to the Danish 
codes DS 413 (1982), DS 410 (1982) and DS 409 (1982). At present these codes are 
still used by the Danish truss manufactures. 
The dimensions of the frame truss are shown in figure 6.1. 
 
Figure 6.1. Geometry of frame truss. Dimensions in mm. 
The truss is symmetrical and the nail plates are located symmetrically around the 
joint lines at the centre of the joint lines. The main directions of the nail plates are 
parallel with the two lines drawn through each nail plate. 
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It should be noted that the width of the leg is changed from 245 mm to 290 mm 
(compared with the geometry given by the truss manufacturer). This is done to 
make the results from this analysis comparable with the results from the tests on the 
knee joints. Furthermore, the leg is made by two beams and not as one solid beam. 
In practice, the truss is produced in two parts that are jointed together at the 
building site before erection. The joints are located at the centre of the ceiling tie 
and at the peak of the truss. In this analysis the peak joint is considered to be a nail 
plate joint and the joint at the centre of the ceiling tie is ignored due to lack of input 
information for these building site joints. 
The specific truss manufacturer only produces frame trusses where the leg and the 
rafter are connected with one plywood sheet on both sides. The sheets are glued 
and nailed to the timber beams. However, if the design value of the bending 
moment in the knee joint is less than 2.5 kNm, the knee joint is made with nail 
plates (according to this truss manufacturer). 
Two finite element models are set up. One model where the joints are acting either 
as fully stiff or as a hinge exactly as the model used by the truss manufacturer and 
one model where all the joints are assumed to be semi-rigid with the special nail, 
plate and contact elements in TRUSSLAB. The differences in the sectional forces 
and in the displacements between these two finite element models are compared. 
The design values of the sectional forces in the knee joint are compared with the 
test results of the knee joint type ET150 and it is estimated whether it is reasonable 
to produce a frame truss with the design given in figure 6.1, where the knee joint is 
made with nail plates. 
Normally the controlling parameter for design of frame trusses is the horizontal 
displacement at the knee joint. To ensure that the horizontal displacement at the 
knee joint is not increasing 1/100 times the height of the leg 
( mm10mm1000100/1 =⋅  - guiding request used by truss manufacturers) the 
timber beams are in this specific case only utilised up to maximum 58% of their 
capacity according to the calculations performed by the truss manufacturer. The 
deformations are calculated using the characteristic load values and only one 
variable load at a time is considered. 
6.1 Finite Element Models of Frame Truss 
The finite element model of the frame truss where the joints are considered to be 
either fully stiff or pinned is shown in figure 6.2. The model is similar to the one 
used by the truss manufacturer (a finite element programme called TrussCon). 
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Figure 6.2. Finite element model used in the commercial programme TrussCon for 
design of timber trusses. 
The system lines of the beam elements coincide with the timber centre lines, and 
small beam elements are used to model the eccentricities in the joints. 
For both models the timber beams are modelled by Timoshenko beam elements. 
The input parameters for the timber beams are given by the size of the beams 
(thickness and height). The moduli of elasticity and the shear modulus of the beams 
are determined according to the Danish timber code DS 413 (1982). 
In figure 6.3 the corresponding finite element model used in TRUSSLAB is shown. 
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Figure 6.3. Finite element model in TRUSSLAB. 
The location of the nodes is shown with a small dot - • or . If the node is indicated 
by  then a nail element is located at this node. 
For both models the auxiliary elements are assumed to be stiff elements compared 
with the timber beams and they are given a modulus of elasticity of 50000 N/mm2 
and a shear modulus of 5000 N/mm2 – see also the parameter analysis in chapter 
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5.2.2. Auxiliary beam elements are used to transfer forces from e.g. a nail element 
to the symmetry line of a timber beam element. 
The nail elements are indicated by a small circle . When calculating the strength 
and stiffness of the nail groups no reduction in the anchorage area is made (no 
effective area). 
A plate element connects two nail elements and is shown as a line that is indicated 
by a P. 
The contact elements are shown as a number of small solid lines – each indicating 
one of the contact beams in the contact element. The contact elements are given 
properties as the properties for compression perpendicular to the grain direction – 
i.e. a modulus of elasticity of 350 N/mm2 according to DS 413 (1998). The 1998 
version of DS 413 is used in this situation since the strength values for compression 
perpendicular to the grain direction are almost reduced by half compared to the 
1982 version. The strength values are used as the point where the bilinear stress-
strain curve changes from elastic stage to “plastic” stage. Two different values (0 
mm and 1 mm) of the initial gaps between the timber ends are used to analyse the 
effect of the gap size (all gaps are taken as either 0 mm or 1 mm) 
Besides the locations of the nail plates the parameters needed as input in 
TRUSSLAB for the nail and plate elements are given in sections 3.1.1 and 3.4.1 for 
the GNA20S nail plate and in sections 4.1 and 4.3 for the GNT150S nail plate. 
6.2 Load Cases 
Two load cases from the Danish code DS 410 (1982) are considered. The first load 
combination corresponds to (ultimate limit state): 
loadlive1.0sidehandleftonwind1.3loadsnow0.5loaddead1.0 ⋅+⋅+⋅+⋅  
and is shown in figure 6.4. 
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Figure 6.4. Load combination 1 [kN/m]. 
The load case is chosen because it results in the largest bending moment in the knee 
joint and the largest utilisations of most of the timber beams and nail plates in the 
ultimate limit state. 
The other load situation corresponds to (serviceability limit state): 
loadwind0.1 ⋅  
and is shown in figure 6.5. 
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Figure 6.5. Load case 2 [kN/m]. 
This load situation results in the largest horizontal displacement at the knee joint 
and is used to evaluate the displacement of the frame truss. 
The reactions (considered positive upwards and to the right) for the two finite 
element models and for the two different load cases are listed in table 6.1. 
Finite element model/              
Load case Ah
R  BhR  hR∑  AvR  BvR  ∑ vR  
TRUSSLAB model (Gap = 0 mm)/ 
Load case 1 0.81 -4.39 -3.58 5.83 6.30 11.60 
Model with stiff knee joint/      
Load case 1 0.91 -4.48 -3.58 5.83 6.30 11.60 
TRUSSLAB model (Gap = 0 mm)/ 
Load case 2 -1.79 -1.57 -3.36 -0.42 0.18 -0.24 
Model with stiff knee joint/     
Load case 2 -1.78 -1.57 -3.35 -0.42 0.18 -0.24 
Table 6.1. Reaction forces “R” in kN for the different finite element models and 
load cases. The vertical reaction forces are indicated by a “v” and the horizontal 
by a “h”. The support to the left is indicated by a “A” and the support to the right 
is indicated by a “B”. 
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From the table it is seen that the sum of the horizontal and vertical reaction forces, 
respectively, for the different finite element models is similar. It is therefore 
assumed that the TRUSSLAB model and the model with a stiff knee joint are given 
with similar loads in each of the two load cases. The differences in the vertical 
reactions are due to the different stiffness of the two finite element models. 
6.3 Comparison of Sectional Forces 
The comparison between the sectional forces is based on calculation using load 
combination 1 (ultimate limit state). 
The axial forces for the finite element models are shown in figure 6.6. The 
distribution of the axial forces in the figure is from the finite element model, where 
the joints are modelled as fully stiff or pinned joints. 
13
2
Location: Truss with Truss with semi-rigid  Truss with semi-rigid
stiff knee: joints (gap = 0 mm):  joints (gap = 1 mm)
1 -7.82 kN -7.75 kN (-1%)  -7.76 kN (-1%)
2 -1.02 kN -0.48 kN (-53%)  -0.64 kN (-37%)
3 -5.83 kN -5.00 kN (-14%)  -4.99 kN (-14%)  
Figure 6.6. Axial forces in the frame truss. 
At the location with maximum axial force (1) the change is less than 1% when the 
model with stiff knee joint is compared with the TRUSSLAB models. For the two 
other locations the relative changes in percent are larger and up to 53%. However, 
this large decrease in the axial force is found at a location where the axial force is 
relatively small. 
In general the axial forces are larger in the model with the stiff knee joint than in 
the TRUSSLAB models. 
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The distribution of the shear forces is shown in figure 6.7. The distribution of the 
shear forces in the figure is from the finite element model where the joints are 
modelled as fully stiff or pinned joints. 
Location: Truss with Truss with semi-rigid  Truss with semi-rigid
stiff knee: joints (gap = 0 mm):  joints (gap = 1 mm)
1 -1.66 kN -2.06 kN (+24%)  -1.95 kN (+17%)
2 -1.12 kN -0.71 kN (-37%)  -0.81 kN (-28%)
1
2
 
Figure 6.7. Shear forces in the frame truss. 
At location 1 the shear forces are up to 24% larger for the TRUSSLAB models 
compared with the model with the stiff knee joint. At location 2 the shear forces are 
reduced by up to 37%. 
The distribution of the bending moments for the three models is shown in figure 
6.8. 
Analysis of Timber Joints with Punched Metal Plate Fasteners – with Focus on Knee Joints 
 162 
Location: Truss with Truss with semi-rigid  Truss with semi-rigid
stiff knee: joints (gap = 0 mm):  joints (gap = 1 mm)
1 -4.28 kNm -4.18 kNm (-2%)  -4.22 kNm (-2%)
2  3.12 kNm  2.86 kNm (-8%)   2.83 kNm (-9%)
3  2.03 kNm  1.54 kNm (-24%)   1.71 kNm (-16%)
4  0.05 kNm -0.53 kNm (+1160%)  -0.35 kNm (-800%)
2
1
43
 
Figure 6.8. Distribution of bending moments in the frame truss. 
At location 1 where maximum moment is present the difference between the 
models is less than 3%. In general the TRUSSLAB models results in smaller 
bending moments in the timber beams (except for location 4).  
6.4 Comparison of Deformations 
The deformations are calculated for the situation where the frame truss is loaded 
according to load situation 2 (serviceability limit state). 
A plot of the un-deformed and the deformed frame truss is shown in figure 6.9. 
Analysis of Frame Truss  
 163
1
3
2
Location: Truss with Truss with semi-rigid  Truss with semi-rigid
stiff joint: joints (gap = 0 mm):  joints (gap = 1 mm)
1 11.44 mm 11.01 mm (-4%)  11.27 mm (-1%)
2 11.50 mm 10.76 mm (-6%)  10.90 mm (-5%)
3 21.93 mm 20.89 mm (-5%)  21.12 mm (-4%)  
Figure 6.9. Displacements of the frame truss. 
The horizontal displacement at the knee joint is reduced by up to 4% when the 
model with the stiff knee joint is compared with the TRUSSLAB models. At 
locations 2 and 3 the resultant displacement is reduced by 5%. 
In general the displacements are larger for the model with the stiff knee joint 
compared with the TRUSSLAB models. This must be due to the fact that the rest of 
the joints in the TRUSSLAB model are modelled as semi-rigid, whereas they are 
assumed to be pinned in the model with the stiff knee joint. 
6.5 Knee Joint Type ET150 as Part of a Frame Truss 
In order to evaluate whether knee joint type ET150 can be used in a frame truss, the 
deformation and the strength of the joint are considered. From a production point of 
view the joint should not cause any problems – however, the impressing of the nail 
plate should be repeated several times if the pressing force is not high enough. The 
special nail plate can either be delivered from the nail plate producer or cut into the 
required dimension by a compass saw at the truss plant. 
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6.5.1 Deformations 
The displacements are shown in figure 6.9. The horizontal displacement at the knee 
joint should not exceed 1/100 of the height of the leg. This demand is made to 
ensure that the neighbouring building parts (often a brick wall on the outside of the 
frame truss) are not subjected to large deflections. 
With the chosen timber and plate dimensions the horizontal deformation at the knee 
joint is determined as 11.01-11.44 mm, which exceeds the guidelines by 10-15%. 
However, in this case the truss manufacturer has accepted the displacement. The 
displacement could be decreased by e.g. using a 45x290 mm beam as the rafter, 
which reduces the horizontal deformation to 7.28 mm (35%) for the TRUSSLAB 
model with the size of the initial gap taken as 1 mm. 
6.5.2 Strength of knee joint 
Four similar knee joints of type ET150 have been tested, see chapter 5. From the 
achieved ultimate loads a characteristic value of the moment capacity is calculated 
according to the method described in DS 409 (1998) - Annex A. 
The ultimate loads are denoted im  and they are assumed to be logarithmic 
normally distributed with an unknown coefficient of variation. In table 6.2 the 
values are listed. 
 1 2 3 4 
im  42.7 kN 39.9 kN 40.6 kN 39.9 kN 
)ln( im  3.754 kN 3.686 kN 3.704 kN 3.686 kN 
Table 6.2. Ultimate loads for the four tests with knee joint type ET150. 
The mean value y  of )ln( im  is determined by: 
 kN707.3)ln(1
1
== ∑
=
n
i
imn
y  (6.1) 
where n is the number of tests (4). 
The standard deviation ys of )ln( im  is determined by: 
 kN032.0))(ln(
1
1
1
2 =−
−
= ∑
=
n
i
iy ymn
s  (6.2) 
The characteristic ultimate load km  is given by: 
 kN7.36)exp( =−= ysk skym  (6.3) 
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where sk  is determined by: 
 26.3/' == nkks  (6.4) 
k’ is a 5-percentile value in a non-central t-distribution with n-1 degrees of freedom 
and the non-central parameter nu p=λ  where pu  is the 95-percentile in the 
standardised normal distribution function. 
With an eccentricity of 407 mm the characteristic bending moment kM  is: 
 kNm 14.9 mm 0.407kN7.36 =⋅=kM  (6.5) 
In the tests with knee joint type ET150, failure in the timber was the dominating 
reason for failure. To calculate a design value of the moment capacity for knee joint 
type ET150 it has therefore been chosen to use the partial factor for timber. In the 
Danish timber code from 1982 the partial factor for structures produced on fabric 
under impartial control in normal safety class is 1.35. A design value for the 
bending moment capacity dM  is therefore determined by: 
 kNm 11.0 
35.1
kNm9.14
==dM  (6.6) 
It should be noted that buckling of the nail plate is allowed when the maximum 
ultimate loads are determined from the test results. The values of the axial force 
and the shear force in the knee joint in the test set-up are compared with the actual 
axial and shear forces in the knee joint in the model of the full frame truss in table 
6.3. The comparison is made at load levels where the bending moment in the knee 
joint in the test setup is similar to the bending moment in the knee joint of the full 
frame truss. 
 Test set-up Full frame truss Ratio 
M [kNm] -3.44 -3.44 1.00 
N [kN] -9.6 -6.1 1.57 
V [kN] -6.0 -4.8 1.25 
Table 6.3. Comparison of sectional forces. 
The values of the axial force and the shear force are larger in the test set-up than in 
the model of the full frame truss (the ratios are larger than 1.00). However, this fact 
only seems to increase the bending moment capacity of the knee joint if full-scale 
testing is performed. It is also noted that the number of test specimens is relatively 
small. 
When comparing the design value of the moment capacity achieved from testing 
(11.0 kNm) with the design value of the bending moment in the finite element 
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model (4.3 kNm) there is enough moment capacity in the knee joint type ET150 to 
produce a frame truss with the given dimensions. 
In load case 2 no failure is observed when calculations are performed using 
TRUSSLAB and when using design values of the nail and plate capacities (and 
with the failure conditions implemented in TRUSSLAB). 
The moment capacity calculated from the test results is based on the initial 
eccentricity in the test set-up and in the finite element model in TRUSSLAB no 
second order effects have been included either. 
Only one load case is considered when determining a design value of the bending 
moment. 
6.6 Conclusions 
From comparisons between a finite element model, where the joints are either fully 
stiff or pinned joints, and a finite element model with semi-rigid behaviour of the 
joints it is found that: 
• The sectional forces at critical sections with peak values are only slightly 
changed and in most cases the sectional forces are larger in the model with 
stiff knee joints compared with the model with semi-rigid joints. 
• The displacements are in general decreased by up to 6% when a model as 
TRUSSLAB with semi-rigid joints is used. 
For a frame truss under the given load conditions, with the given dimensions and 
with knee joint type ET150 it is estimated that the strength of the knee joint is 
sufficient to transfer the given sectional forces. Furthermore, the horizontal 
displacement at the knee joint is considered to be allowable. Even though the 
design moment (4.3 kNm) of the knee joint is far from the design moment capacity 
(11.0 kNm) it is not recommended to increase the span of the frame truss due to the 
horizontal displacements. 
Full-scale tests with the frame truss could verify if the models are able to predict 
the behaviour of the frame truss. 
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7 Analysis of Chord Splices 
 
Trusses are often produced with splices in the top chord and in the bottom chord. In 
Denmark these chord splices are often assumed as rotationally stiff joints in the 
finite element model and they are designed from the actual sectional forces, 
according to Træ 31 (1995) (the values are not increased as in the final draft of 
Eurocode 5 as described below). However, in the final draft of Eurocode 5, 
Eurocode 5 (2001) and in the Danish timber code DS 413 (1998) the splice joints 
may only be modelled as rotationally stiff if the actual rotation (under load) would 
have no significant effect upon member forces. According to Eurocode 5 this 
requirement is fulfilled if one of the following conditions is satisfied: 
• “Splice joints with a load carrying capacity which corresponds at least to 1.5 times the 
combination of applied force and moment.” 
• “Splice joints with a load carrying capacity which corresponds at least to the combination 
of applied force and moment, provided that the wooden members are not subject to 
bending stresses which are greater than 0.3 times the member bending strength, and the 
assembly would be stable if all such connections acted as pins.” 
In this section the influence of chord splices on the member forces and on the 
deformations will be analysed by means of calculations using TRUSSLAB. The 
effect of chord splices in a typical fink truss and a typical attic truss is analysed. 
This investigation is performed to show some of the applications that can be 
achieved using a finite element model as TRUSSLAB. Furthermore, there is no 
need for the conditions above if a finite element model with semi-rigid joints as 
TRUSSLAB is used. 
The analysis is not performed to see whether the “new” conditions in the codes are 
appropriate or not. To do so, additional calculations should be made with a range of 
different nail plate sizes and locations, but the analysis may give an indication of 
the influence of chord splices on member forces and deformations for two specific 
types of trusses with a given nail plates size. 
First some experimental bending tests of splice joints performed by Nielsen, J. 
(1996) will be analysed in order to compare the TRUSSLAB model with test 
results for such types of joints. This analysis is performed because some 
modifications to the nail, plate and contact elements have been made since the 
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work done by Nielsen in 1996 and to find the value of E for the contact element in 
the chord splices. 
7.1 Bending Tests on Splice Joints 
J. Nielsen tested 8 types of splice joints with different sizes and locations of the nail 
plates, see Nielsen J. (1996). Three of these bending tests are analysed with 
TRUSSLAB in this chapter. The test set-up is shown in figure 7.1. 
 
Figure 7.1. Test set-up for bending tests with splice joints. Dimensions in mm. 
The three different test series are shown in figure 7.2. Five test specimens are tested 
in each test series. 
 
Figure 7.2. Bending test series BE2, BE4 and BE3. Dimensions in mm. 
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The test series BE2 and BE4 are used to analyse the “butt effect” in the contact 
zone between the timber ends. In other words, the influence of the phenomena 
where the grain in the timber ends is pressed into each other is investigated. Test 
series BE3 is used to compare results from TRUSSLAB with test results. 
In the test series BE4 there is no gap between the timber members and the nail plate 
is only subjected to tension in the given load situation because the nail plate is 
located eccentrically. The finite element model for test series BE4 is shown in 
figure 7.3. 
32
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4 5
6 7
8
Contact
beams
 
Figure 7.3. TRUSSLAB model for test series BE4. Element numbers for the timber 
beam elements are shown in a circle. 
The properties for the timber beam elements are listed in table 7.1. The timber is 
Swedish spruce of strength class K24. 
Element 
number 
Width 
mm 
Height 
mm 
  E     
MPa 
  G     
MPa 
2,3,6,7 45 170 12800 700 
1,8 45 150 350 700 
4,5 45 200 50000 5000 
Table 7.1. Properties for beam elements. 
The height of the beams 1 and 8 is estimated considering the width of the support 
and stress distribution over the height of the beam. 
The properties for the nail and plate elements are determined in chapter 3. The 
initial modulus of elasticity for the contact beams is taken as 1500 MPa and their 
“plastic” modulus of elasticity is taken as 150 MPa. The word plastic may not be 
the right word since a possible relief follows the loading curve. 
The initial modulus of elasticity for the contact beams is determined so that 
calculations in TRUSSLAB fit the test results for test series BE4. The plastic 
modulus of elasticity is taken as 10% of the initial modulus of elasticity. Further 
investigations of the value of the plastic modulus of elasticity show that for the test 
series BE3 and BE4 there is only a relatively small change in the behaviour of the 
joint, no matter if the plastic modulus is taken as 1500 MPa or 150 MPa. However, 
tests with timber subjected to compression parallel to the grain direction show a 
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nonlinear stress-strain curve and in TRUSSLAB the curve is simplified to a bi-
linear stress-strain curve. 
The stress level where the contact beams starts its plastic behaviour is taken as 0.6 
times the mean compression strength parallel to the grain direction ( MPa286.0 ⋅ ) 
according to DS 413 (1998). 
The load-displacement curves for series BE4 from the tests and from TRUSSLAB 
are shown in figure 7.4. The predictions by TRUSSLAB are shown as a continuous 
line while the test results are shown as a dashed line. The curve for the test results 
is a mean curve for the five different tests and the initial slip is ignored. 
0 5 10 15 20 250
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3
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Figure 7.4. Test results from test series BE4 and results from TRUSSLAB 
calculations. The total load divided by two is shown vertically in kN and the 
vertical deformation at mid span of the beam is shown horizontally in mm. 
As seen from the figure TRUSSLAB predicts the behaviour well with the chosen 
values of the modulus of elasticity for the contact beams. 
To see the influence of the butt effect, test series BE2 should be considered. The 
results from the test series BE2 together with results from TRUSSLAB are shown 
in figure 7.5. The predictions by TRUSSLAB are shown as a continuous line and 
the test results are shown as a dashed line. The curve for the test results is a mean 
curve for the five different tests and the initial slip is ignored. 
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Figure 7.5. Test results from test series BE2 and results from TRUSSLAB 
calculations. The total load divided by two is shown vertically in kN and the 
vertical deformation at mid span of the beam is shown horizontally in mm. 
No contact element has been used in the TRUSSLAB model since the beams are 
“connected” with a 45x40 mm (thickness x height) timber beam. The modulus of 
elasticity for this beam is taken as 12800 MPa and the length is taken as 50 mm. If 
a contact element with a modulus of elasticity of 12800 MPa is used instead of the 
45x40 mm beam a decrease of 10% in the stiffness is observed. This difference is 
caused by the bending stiffness of the 45x40 mm beam. 
When comparing the results from the two test series BE2 and BE4 it is seen that the 
butt effect results in a decreasing stiffness. However, as mentioned above some of 
this is caused by the bending stiffness of the 45x40 mm beam. 
The results from the test series BE3 are compared with results from TRUSSLAB 
using the reduced modulus of elasticity (1500MPa/150MPa) for the contact beam 
(due to the butt effect). In this series there are different sizes of the gap between the 
timber members. A comparison between test results and TRUSSLAB is shown in 
figure 7.6. 
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Figure 7.6. Test results from test series BE3 and results from TRUSSLAB 
calculations. The total load divided by two is shown vertically in kN and the 
vertical deformation at mid span of the beam is shown horizontally in mm. 
TRUSSLAB is able to predict these bending splices well. After contact has been 
established the stiffness increases. At this part of the load-displacement curves 
there is a slight overestimation of the stiffness calculated by TRUSSLAB. This can 
be caused by the fact that for the small plate beams in the TRUSSLAB model the 
load after buckling in compression is not decreased. From some of the basic tests 
performed on the GNA20S nail plate it is shown that the load decreases after 
buckling. 
7.2 Influence of Splice Joints in Trusses 
The influence of splice joints on deformation and moment distribution is analysed 
for two specific types of trusses based on the knowledge attained above regarding 
the modulus of elasticity for the contact beams in the contact element (1500 MPa 
for the elastic modulus of elasticity and 150 MPa for the ”plastic” modulus of 
elasticity). 
Two different types of trusses are analysed: a fink truss and an attic truss. The 
timber dimensions and the sizes of the nail plates are determined by a truss 
manufacturer according to DS 413 (1982) and the codes DS 409 (1982) and DS 410 
(1982) (codes of practice for loads and safety of structures). In figure 7.7 and figure 
7.8 the two trusses are shown. The trusses are symmetrical and if nothing else is 
shown on the figures then the nail plates are located symmetrically around the joint 
lines and at the centre of the joint lines. The main directions of the nail plates are 
parallel with the two lines drawn through each nail plate. 
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Figure 7.7. Fink truss used for analysis of the influence of splice joints. Dimensions 
in mm. 
Analysis of Timber Joints with Punched Metal Plate Fasteners – with Focus on Knee Joints 
 174 
 
Figure 7.8. Attic truss used for analysis of the influence of splice joints. Dimensions 
in mm. 
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The spacing between the trusses is 1000 mm. In addition to the attic truss there is 
an intermediate floor beam spanning over the three support points. The spacing 
between these intermediate floor beams is 1000 mm. This decreases the load on the 
floor joist of the attic truss by 50%. 
It should be noted that the attic truss must have additional joints for transportation 
reasons – in this study they are not considered. 
7.2.1 Finite Element Models 
To see the influence of the splice joints, two finite element models for each type of 
truss are set up in TRUSSLAB, namely one model where the splice joints are 
modelled as fully stiff joints and one model where the splice joints are modelled 
with nail, plate and contact elements. The rest of the joints in the finite element 
models are modelled as in the finite element programme used by the truss 
manufacturer, see figure 7.9 (the splice joints are shown without the special nail, 
plate and contact elements). The system lines of the beam elements coincide with 
the timber centre lines, and small beam elements are used to model the 
eccentricities in the joints. 
Since the splice joints are located where the bending moment is close to zero, an 
extra model with the fink truss is set up. In this model the two splice joints in the 
top chords are located where the maximum positive bending moment in the upper 
part of the top chords is present. The nail plates in these splice joints are changed to 
nail plate type GNT150S with a size of 130x198 mm. The initial gap between the 
timber members in the chord splices is taken as 1 mm. 
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Figure 7.9. Finite element model for the fink truss and the attic truss used for 
analysis of the influence of splice joints. The location of the splice joints is 
indicated by a S. 
7.2.2 Load Cases 
In this analysis only one load case is simulated for each type of truss, see figure 
7.10. The specific load cases are chosen, since they are controlling the dimensions 
of the timber beams and most of the nail plates. 
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Figure 7.10. Load on trusses. Loads in N/mm. The loads are design values. 
The load combination for the fink truss corresponds to: 
loadlive1.0loadsnow1.3loaddead1.0 ⋅+⋅+⋅  
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and the load combination for the attic truss is: 
loadlive1.0sidehand-leftonwind1.3loadsnow0.5loaddead1.0 ⋅+⋅+⋅+⋅  
7.2.3 Comparison of the Bending Moment Distribution 
Calculations show that the changes in the axial and shear forces between the two 
different finite element models are approximately ± 1%. Therefore, the influence of 
chord splices is based on comparisons of the distributions of the bending moment 
and the deformations only. 
The distributions of the bending moment for the three finite element models of the 
fink truss are shown in figure 7.11. The moment curves are almost identical and the 
moments at four different locations are written below the figure. 
Location: Truss with Truss with semi-rigid Truss with semi
stiff splice joints: splice joints: -rigid splice joints
located at Mmax
1 -0.997 kNm -1.013 kNm (+2%) -0.986 kNm (-1%)
2 -1.203 kNm -1.132 kNm (-6%) -1.293 kNm (+7%)
3  1.087 kNm  0.918 kNm (-16%)  1.050 kNm (-3%)
4  0.459 kNm  0.452 kNm (-2%)  0.459 kNm (0%)
4
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Figure 7.11. Bending moment distribution for the fink truss. The location of the 
splice joints is indicated by a S. 
The two models with semi-rigid behaviour of the splice joints result in a 
redistribution of the bending moment. The redistribution is caused by the fact that 
the splice joints are not as stiff as the connected timber members and in a statically 
undetermined structure the member forces are distributed according the stiffness of 
the structure. 
For the model with the splice joints located close to the points with zero bending 
moments the overall maximum moment decreases from 1.203 kNm to 1.132 kNm 
(6%). For the model with the splice joints in the top chords at location 3 (at the 
point with maximum bending moment for the upper part of the top chords) the 
maximum moment increases from 1.203 kNm to 1.293 kNm (7%). 
Analysis of Chord Splices  
 179
When comparing the model with the stiff splice joints to the two models with the 
semi-rigid splice joints it is found that the largest decrease in the moment 
distribution is 16% and the largest increase in the moment distribution is 7%. 
The distribution of the bending moment for the attic truss is shown in figure 7.12. 
1
2 3
4
Location: Truss with Truss with semi-rigid
stiff splice joints: splice joints:
1 -3.257 kNm -3.362 kNm (+3%)
2  1.205 kNm  1.094 kNm (-9%)
3 -2.329 kNm -2.268 kNm (-3%)
4  2.292 kNm  2.220 kNm (-3%)
s
ss
 
Figure 7.12. Bending moment distribution for the attic truss. The location of the 
splice joints is indicated by a S. 
From the values of the bending moments it is found that the largest increase in the 
bending moment is 3% at location 1 and the largest decrease in the bending 
moment is 9% at location 2 where the chord splices in the top chords are located. 
The size of the increase in the bending moment is of the same order as found for 
the fink truss with the size and location of the nail plates given by the truss 
producer. 
7.2.4 Comparison of Deformations 
In figure 7.13 the deformations of the fink truss are shown (scaled by a factor of 
50). The deformations for the three different models are almost identical and for 
comparison the deformations at three locations are written below the plot of the 
deformed structure. The deformations are calculated from the design values of the 
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loads, and the moduli of elasticity for the timber beams are not multiplied by any 
modification factor to take the load duration into account. 
Location: Truss with Truss with semi-rigid Truss with semi
stiff splice joints: splice joints: -rigid splice joints
located at Mmax
1 5.79 mm 5.80 mm (0%) 6.14 mm (+6%)
2 5.16 mm 5.22 mm (+1%) 5.62 mm (+9%)
3 6.25 mm 6.29 mm (+1%) 6.71 mm (+7%)
2
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Figure 7.13. Vertical deformations for the fink truss. 
The deformations increase when the joints are modelled to be semi-rigid. The 
increases in the deformations between the model with stiff splice joints and the 
model with the nail plates located near the points with bending moments close to 
zero are less than 2%. When the nail plates are located at the maximum bending 
moment in the upper part of the top chords the deformations increase up to 9%. 
Figure 7.14 shows the deformation of the attic truss due to the given loads. 
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Location: Truss with Truss with semi-rigid
stiff splice joints: splice joints:
1 27.37 mm 30.26 mm (+11%)
2 14.23 mm 14.65 mm (+3%)
3 27.92 mm 30.86 mm (+11%)
2
 
Figure 7.14. Deformations for the attic truss. 
The maximum increase in the vertical deformation is 11% found at location 1. An 
identical percentage increase in the horizontal deformation is found at location 3. 
The changes in the deformations of the attic truss are relatively high when they are 
compared with the changes in the deformations of the fink truss with nail plate size 
and location determined by the truss manufacturer. An explanation to this may be 
that there are no points in the rafters of the attic truss with zero moment and, 
therefore, the influence of the splice joints becomes more significant. 
7.3 Conclusions 
In the analysis of splice joints subjected to bending it is found that the butt effect 
should be considered in order to make TRUSSLAB predict the stiffness from the 
bending tests. However, TRUSSLAB still slightly overestimates the stiffness after 
contact between the timber members has been established. This can be caused by 
the fact that it is assumed in the theory behind TRUSSLAB that the nail plate is 
able to maintain the load level after buckling in compression. 
For the model of the fink truss with a size and location of the splice joints as 
suggested by the truss manufacturer the distribution of the bending moment in 
TRUSSLAB becomes more favourable compared with the distribution of the 
bending moment in the model with stiff splice joints since the maximum moment 
values decreases. 
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According to the calculations for the fink truss performed by the truss manufacturer 
the nail plates in the splice joints in the top chords are only utilised by up to 23% of 
their load-carrying capacity and the nail plates in the splice joint in the bottom 
chord are utilised 45%. This means that the splice joints fulfil the conditions in 
Eurocode 5 and can therefore be considered rotationally stiff in the finite element 
model. It is also calculated that the increase in the vertical deformation is less than 
2% when the model with semi-rigid splice joints (located where the bending 
moments are close to zero) is compared to the model with stiff chord splices. As 
expected, the influence of the splice joints on the distribution of the bending 
moment and on the deformation becomes larger if the splice joints in the top chords 
are located at the point with maximum moment. 
For the attic truss the nail plates are utilised 96% and 80% of the load-carrying 
capacity for the chord splices in the top chords and in the bottom chord, 
respectively. The bending moments only increase by 3%, but the deformations 
increase by up to 11% when the model with the semi-rigid joints in the chord 
splices is compared to the model with stiff joints. These chord splices do not fulfil 
the conditions in Eurocode 5 and can therefore not be treated as rotationally stiff. 
It should be noted that even though the nail plates in the chord splices are utilised 
close to their load-carrying capacity the influence on the distribution of the bending 
moments may be relatively small which is seen for the attic truss. The 
deformations, however, increase by 11%.  
The only chord splices where contact between the timber ends is established is in 
the model of the fink truss where the chord splices are located at the point with 
maximum bending moment in the upper part of the top chords. If the initial size of 
the gap is taken as 0.4 mm instead of 1.0 mm, contact is established in most of the 
top chord splices for both types of trusses. Furthermore, this results in smaller 
deformations. Further analysis of the gap size shows that if the initial gap size is 
taken as 0 mm the distribution of the bending moments in the TRUSSLAB model 
with semi-rigid joints tends to get closer to the bending moment distribution of the 
model with stiff joints. The maximum percentage increase in the deformations is 
reduced from 11% to 6% for the attic truss and from 0% to –2% for the fink truss. 
The influence of the chord splices would perhaps be different if all joints were 
modelled in TRUSSLAB. Furthermore, second order theory could change the 
results. 
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8 Conclusion 
 
The conclusions of the thesis are divided into two sections. One summarises the 
contents and some results of each chapter of the thesis. The purpose is to give an 
overview before the general conclusions are given. Additional suggestions for 
future work are listed. Finally, a list of items I would change if I should start over 
again is given. 
8.1 Summary of the Thesis 
In chapter 1 an introduction to the frame truss is given and four different finite 
element models are briefly described. The Foschi model is chosen as a basis for 
further development since it is the model with the best properties for predicting the 
stiffness of joints and trusses with nail plates. 
In chapter 2 the theory behind TRUSSLAB is given. TRUSSLAB is the name for a 
modified version of the Foschi model, and the joints are modelled by special nail, 
plate and contact elements. The nail elements are used to model the deformation 
and strength of nail groups, and the plate elements model the deformation and 
strength of the nail plate over the joint line. The contact element takes possible 
contact forces between timber members into account. The material properties of the 
nail and plate elements are nonlinearly elastic, and the properties of the contact 
elements are bilinearly elastic. 
In chapter 3 the GNA20S nail plate is analysed. The properties of the plate element 
are determined from six basic tests and the properties of the nail elements are 
determined from four basic tests. Additional tests are used to verify the theory of 
the plate and nail elements in TRUSSLAB. Regarding the tests targeted at the plate 
element, TRUSSLAB predicts the load-displacement curves relatively well, but is 
better for predicting the load-displacement curve for the nail plates subjected to 
tension than the nail plates subjected to compression. Considering the tests targeted 
at the nail element there is greater differences between the test results and the 
predictions given by TRUSSLAB - both when comparing the stiffness and the 
ultimate load levels. 
In chapter 4 the properties of the plate and nail elements are determined for the 
GNT150S nail plate. 
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In chapter 5 knee joints are analysed. 24 different types of knee joints have been 
tested and the load-displacement curves and the ultimate loads have been 
registered. When comparing the load-displacement curves with predictions by 
TRUSSLAB it is found that TRUSSLAB predicts the initial stiffness well. At 
higher load levels (>40-60% of the ultimate load) TRUSSLAB overestimates the 
stiffness. This is caused by development of cracks and splitting of the timber and 
that the timber is modelled by linear elastic material properties. In the compression 
zone between the leg and the rafter a biaxial stress situation occurred in the rafter, 
and in many of the tests large deformations were observed in this area. In 
TRUSSLAB the bilinear contact element takes some of these plastic deformations 
into account, but the rafter is “only” modelled by a linear elastic beam element. 
In several cases the ultimate loads and failure modes predicted by TRUSSLAB are 
not similar to those found in the tests with the knee joints. This is often caused by 
the fact that timber splitting is not implemented in TRUSSLAB. 
In chapter 6 an analysis of a frame truss is performed using one of the most 
promising type of knee joints (high stiffness and strength). The frame truss is 
analysed by a traditional finite element program using either rigid or pinned joints 
and by TRUSSLAB. In general only small differences (<5%) between the two 
models are observed, but the displacements and the distribution of the bending 
moments are more favourable in the TRUSSLAB model. 
In chapter 7 the influence of chord splices in a fink truss and in an attic truss is 
analysed. Results from finite element models similar to those used by a truss 
manufacturer are compared with models with the special elements in TRUSSLAB. 
Regarding the fink truss, TRUSSLAB predicts a more favourable bending moment 
distribution, whereas the displacements are almost unchanged. For the attic truss, 
however, the displacements increase by up to 3% and the bending moments by up 
to 11%. 
8.2 General Conclusions 
The TRUSSLAB model is based on the geometry of the trusses – including the 
geometry of the joints. The size and the location of the nail plates, the deformations 
of the nail groups and of the plate regions over the joint lines are included in the 
model. Furthermore possible contact between timber members is considered. The 
plate, nail and contact elements are modelled with nonlinear elastic material 
properties. It may be considered to change the material properties to nonlinear 
plastic properites to take possible unloading into account. 
In general the modified Foschi model is assumed to take important aspects into 
account - e.g. nonlinearity of the deformation of the joint, the size and the location 
of the nail plates and contact forces. Furthermore, the sectional forces needed for 
design of the joints are given directly by the model. Finding the sectional forces is a 
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problem in e.g. the model with fictitious elements, where assumptions have to be 
made before the sectional forces in the nail plates can be determined. 
It is assumed that the nail plate will maintain the load level after buckling (in the 
plate element). However, in some of the tests it is observed that the load level 
decreased rapidly after buckling. 
The TRUSSLAB model predicts the behaviour of splices subjected to tension better 
than the splices subjected to compression. In general TRUSSLAB predicts failure 
at a lower load level for all the “simple” tests with the GNA20S nail plate 
compared to the test results. 
The failure conditions in Eurocode 5 (2001) for the plate capacity are not 
implemented in TRUSSLAB, since they lead to strange and misleading results 
when complex knee joints are considered. Therefore, the plate capacity is based on 
conditions where the stress levels in the plate beams are taken into consideration. 
When determining the properties of the nail element timber failure was often 
observed in the corresponding tests. The failure conditions in Eurocode 5 (2001) 
are implemented in TRUSSLAB since, they predict ultimate load levels relatively 
close to the ultimate load levels determined in the tests. 
From the tests series with the 24 different types of knee joints it is found that the 
rafter shall proceed to the corner of the knee joint to get a stiff and strong joint. The 
nail plates shall be located as closely as possible to the top of the rafter and the 
largest stiffness and strength is attained if the nail plates are cut so they are flush 
with the top of the rafter (45º). 
TRUSSLAB predicts the initial stiffness of the knee joints well, but larger 
differences are observed when comparing the predicted ultimate load levels and the 
failure modes with the results from the tests. 
Considering the strength and stiffness of knee joint type ET150 it is safe to produce 
frame trusses with a span of 8.5 m and a geometry as given in chapter 6. For the 
frame truss TRUSSLAB predicts a more favourable distribution of the bending 
moments, and the displacements are up to 5% smaller compared with a finite 
element model similar to the one used by a truss manufacturer. 
From the truss manufacturer’s point of view it may be a great advantage that frame 
trusses with a span of 8.5 m (and the given geometry) can be produced with nail 
plates in all joints. Today the knee joints in such a frame truss would typically be 
produced using expensive and specially fabricated steel plates with separate nails or 
with plywood sheets glued and nailed at each side of the joint. 
In the analysis of the effect of chord splices on the deformations and sectional 
forces two types of trusses were modelled. The modelling was performed with a 
finite element model with the special elements in TRUSSLAB and with a finite 
element model similar to the one used by a truss manufacturer. For the fink truss 
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TRUSSLAB predicts a more favourable bending moment distribution, but for the 
attic truss the maximum bending moment increases by up to 3% and the 
deformations increases by up to 11%. 
In general it is concluded that TRUSSLAB predicts the behaviour of timber joints 
with nail plates relatively well and that future finite element models for design of 
timber trusses can use the theory on which TRUSSLAB is based. However, in 
many areas further research and work is still needed. 
8.3 Suggestions for Future Work 
As suggestions for future works the following subjects can be considered: 
• Tests with several types of nail plates should be performed and the results 
should be compared with predictions given by TRUSSLAB. This would 
indicate if the theory of TRUSSLAB can be used for other types of nail 
plates than the GNA20S and GNT150S. 
• Full-scale tests with frame trusses should be performed and corresponding 
finite element models should be made in TRUSSLAB to see if TRUSSLAB 
predicts the behaviour well. 
• Have a closer look at the nonlinear behaviour and the biaxial stress situation 
that occur in the contact zone between the rafter and the leg. If possible this 
could be implemented in TRUSSLAB. This could make TRUSSLAB 
predict the upper part of the load-displacement curves for the knee joints 
more accurately. 
• Find a method to take the splitting of the timber into account and be able to 
predict when splitting occurs. This could make TRUSSLAB predict the 
upper part of the load-displacement curves for the knee joints more 
accurately. 
• Implement second order theory in TRUSSLAB. 
• Perform additional tests with knee joints to get a better statistic material. 
• Perform tests with knee joints with e.g. different support conditions and 
different slope of the rafter. 
8.4 If I Should Start Over Again With the Knowledge I Have 
Attained 
This section is given to prevent others from repeating some of the mistakes that I 
have done and to point out some of the areas where things could have been made in 
another and maybe better way. 
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Some of the nail plate tests were stopped prior to failure in order not to destroy the 
displacement transducers. Not all of the tests were continued with the displacement 
transducers dismounted, which they should have been in order to register the 
ultimate load levels. 
In the tests used to determine the properties of the plate element (section 3.1) and in 
the additional tests used to verify the theory in TRUSSLAB it should be clear 
whether the nail plates should be cut or not to avoid withdrawal of nails in parts of 
the nail plate area, see figure 8.1. In real situations the nail plates are not cut and 
therefore, the deformations due to the withdrawal of nails will be included in the 
overall deformation of the truss. 
 
Figure 8.1.Withdrawal of nails in parts of a nail plate if the plate is not weakened 
in the joint line. 
Similar considerations should be made when determining the anchorage capacity. 
Should some of the nails be removed and should the remaining nails be located far 
from the timber ends to ensure that timber failure will not appear? 
In the theory behind the plate element a relatively sophisticated model is used to 
include the nonlinearity of the beams (determination of the stresses at several 
points in each the beams). The method seems to be too sophisticated when 
considering all the uncertain parameters that are not taken into account (e.g. the 
complex geometry of the nail plates and prestresses). However, no other method to 
solve this problem could be found even though a great number of methods were 
tested. The method given in Foschi, R. O. (1977) only considers axial and shear 
forces at the ends of the beams. Therefore, if a fixed beam is loaded by a shear 
force at one end then the moment at the other end is not considered. Furthermore, 
the expressions given in Nielsen, J. N. (1996) are not true when a beam is in the 
plastic stage. 
The method used to take the interaction between the two types of beams into 
account may also seem to be too sophisticated – again considering the uncertain 
parameters. 
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9 Summary in Danish 
 
I kapitel 1 introduceres trempelspæret, og fire forskellige elementmetodemodeller 
bliver kort beskrevet. Som basis for yderligere udvikling vælges Foschis model, da 
det er den model, der har de bedste egenskaber til bestemmelse af stivheden af 
samlinger og spær med tandplader. 
I kapitel 2 beskrives teorien bag TRUSSLAB. TRUSSLAB er navnet på en 
modificeret version af Foschis model, og samlingerne er opbygget med specielle 
tand-, plade- og kontaktelementer. Tandelementerne bliver brugt til at modellere 
deformationen og styrken af tandgrupper, og pladeelementerne modellerer 
deformationen og styrken af den del af tandpladen, der er beliggende over 
fugelinien. Kontaktelementet tager hensyn til eventuelle kontaktkræfter mellem 
trædele. Materialeegenskaberne for tand- og pladeelementerne er ikke-
lineærelastiske og egenskaberne for kontaktelementerne er bi-lineærelastiske. 
I kapitel 3 analyseres GNA20S tandpladen. Egenskaberne for pladeelementet 
bestemmes ved hjælp af 6 basisforsøg, og egenskaberne for tandelementet 
bestemmes ved hjælp af 4 basisforsøg. En række yderligere forsøg bruges til at 
verificere teorien bag plade- og tandelementerne i TRUSSLAB. Ud fra forsøgene, 
der er rettet mod verifikation af pladeelementet, ses det, at TRUSSLAB bestemmer 
last-flytningskurverne relativt præcist. TRUSSLAB er dog bedre til at bestemme 
last-flytningskurverne for de situationer, hvor tandpladerne er udsat for træk 
sammenlignet med de situationer, hvor tandpladerne er udsat for tryk. Mht. 
forsøgene, der er rettet mod verifikation af tandelementet, er der større forskelle 
mellem forsøgsresultaterne og resultaterne fra beregningerne vha. TRUSSLAB – 
både hvad angår stivhed og brudlast. 
I kapitel 4 bestemmes egenskaberne for plade- og tandelementerne for tandpladen 
GNT150S. 
I kapitel 5 analyseres knæsamlinger. Der er udført forsøg med 24 forskellige typer 
af knæsamlinger og last-flytningskurverne og brudlasterne er registreret. Ud fra en 
sammenligning af last-flytningskurverne fra forsøgene med beregninger vha. 
TRUSSLAB ses det, at TRUSSLAB forudsiger den initiale stivhed godt. Når lasten 
er større end 40-60% af brudlasten, så overestimerer TRUSSLAB stivheden. Dette 
skyldes, at revner i træet udvikles, og der sker flækning, samt at træet er modelleret 
med lineærelastiske materialeegenskaber. I trykzonen mellem benet og 
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spærhovedet opstår der en toakset spændingstilstand, og i mange af forsøgene blev 
der observeret store deformationer i dette område. I TRUSSLAB tages nogle af 
disse plastiske deformationer i beregning vha. kontaktelementet, men spærhovedet 
er ”kun” modelleret som et lineærelastisk bjælkelelement. 
I en række af forsøgene er de brudlaster og brudformer, som forudsiges i 
TRUSSLAB, ikke identiske med dem, der blev konstateret ved forsøgene. Dette 
skyldes ofte, at der ikke tages hensyn til flækning i TRUSSLAB. 
I kapitel 6 analyseres et trempelspær, hvor knæsamlingen er udført som en af de 
mest lovende typer (mht. stivhed og styrke). Trempelspæret analyseres vha. en 
traditionel elementmodel, hvor samlingerne modelleres enten som charniere eller 
som stive, samt vha. TRUSSLAB. Generelt er forskellene mellem de to modeller 
små (<5%), og TRUSSLAB giver den mest gunstige momentfordeling samt mindre 
flytninger. 
I kapitel 7 undersøges indflydelsen af stødsamlinger i et trekantspær samt i et 
hanebåndsspær. Resultater fra elementmodeller magen til dem, der benyttes af 
spærfabrikanter, sammenlignes med resultater fra TRUSSLAB, hvor de specielle 
elementer er benyttet. Mht. trekantspæret, så er momentfordelingen mere gunstig, 
når TRUSSLAB-modellen benyttes, hvorimod flytningerne er stort set uforandrede. 
Derimod ses det for hanebåndsspæret, at flytningerne forøges med op til 3% og 
momenterne med op til 11%, når TRUSSLAB-modellen benyttes. 
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A  Test Description of Tests with Nail Plates 
 
This chapter describes the production and storage conditions of the test specimens 
used to determine the properties of the nail and plate elements for the MiTek 
GNA20S and GNT150S nail plates. It is explained how the test equipment works 
and how the load is applied. 
A.1  Test Material 
The geometry of the GNA20S nail plate is shown in figure 3.1 on page 42. The 
geometry of the GNT150S nail plate is shown in figure 4.1 on page 85. 
The timber is Swedish spruce of strength class K-24 (S10) with a thickness of 45 
mm. The timber is visually graded at the truss plant. 
The test specimens for the tests with the GNA20S nail plate were manufactured 
when the timber had a moisture content of 16-18% corresponding to approximately 
20° and 85% relative humidity according to EN 1075 (1999). However, 48 hours 
passed from the beginning of the production till the specimens were all done, which 
may have affected the moisture content in the timber. The test specimens for the 
tests with the GNT150S nail plate were manufactured when the timber had a 
moisture content of 10-14%. 
After manufacturing the test specimens were kept for 3 weeks to 3 months at o20  
and 65% relative humidity before testing. The test series that were in the 
conditioning room for 3 months were those used for determination of the anchorage 
properties. 
The nail plates are pressed in place at a local truss plant. 
In some of the series used to get the plate properties the nail plates were weakened 
in the joint line in order to achieve the desired failure mode. The cuts in the nail 
plates were made with a compass saw and it is assured that the remaining number 
of steel beams was counted and that they were uncut. The cuts were made 
symmetrically and on both sides of the specimens. Again this is not according to 
EN 1075 (1999), but it was done to obtain the failure mode wanted. The anchorage 
capacities of some of the nail plates are reinforced with screws to avoid anchorage 
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failure. Furthermore, in some of the test series the timber is reinforced with nail 
plates – see figure A.1. 
 
Figure A.1. Reinforcement of timber. 
The density of the timber used to determine the properties for the plate element has 
not been measured because it is supposed only to have a small impact on the test 
results. The average density of the timber used to determine the properties for the 
nail element has been determined as 470 kg/m3 when the moisture content was 14-
18%. At the time of testing the moisture content was 9-12%. 
A.2  Test Equipment 
The tests were performed at the Structural Research Laboratory at Aalborg 
University. 
A.2.1  Test Arrangement 
Three different test arrangements were used: 
• one for the tension test specimens where the fibre direction and the force 
direction are parallel 
• one for the test specimens in compression 
• one for the tension test specimens where the fibre direction and the force 
direction are not parallel. 
 
Test arrangement for the tension tests 
The tensile tests were carried out in a test set-up, where the timber is clamped at 
both ends between two jaws. The force is applied to the timber through friction 
between the jaws and the timber, see figure A.2. 
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Figure A.2. Test set-up for tension tests.  
By pulling in the jaws shown to the left in figure A.2 the force is applied to the test 
specimen. The force is measured through two load cells located near the fixed jaws. 
This set-up is used to determine the plate properties of the tests, where the nail 
plate is subjected to tension, and to determine the nail properties for the tests where 
the fibre direction and the force direction are parallel. 
Test arrangement for the compression tests 
The compression specimens were tested in the test set-up illustrated in figure A.3. 
 
Load  
cell 
Supporting  
wheels 
 
Figure A.3. Test set-up for the compression tests. 
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The 8 supporting wheels are adjustable and they are tightened before every test so 
that they prevent out-of-plane instability. At the bottom the test specimens are 
simply supported. This set-up is used to determine the compression properties for 
the plate element. 
Test arrangement for the tension tests where the fibre direction is not parallel 
to the force direction 
For determination of the anchorage capacities when the fibre direction is not 
parallel to the force direction the test arrangement shown in figure A.4 is used. 
 
Supports 
Steel bar 
Area with 
anchorage 
failure 
 
Figure A.4 Test set-up for the tension tests where the fibre direction is not parallel 
to the force direction. 
The supports at the top are located as closely to the nail plate as possible. The load 
is applied to the timber via the steel bar through a hole drilled in the timber. The 
nail plates at the bottom are used as reinforcement to prevent the timber from 
splitting. 
A.2.2  Application of load 
The load is applied according to DS/EN 26 891 (1993). When the properties of the 
plate element are to be determined the load is applied as shown in figure A.5 where 
P is the actual load and estP  is the estimated ultimate load. 
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Figure A.5. Loading procedure for determination of plate values. 
For determination of the anchorage values of the nail element, the load is applied as 
illustrated in figure A.6. 
 
Figure A.6. Loading procedure for determination of anchorage values. 
For both loading procedures the load is applied at a constant rate of estP2.0  per 
minute (± 25%) if the load is below estP7.0 . If the load is above estP7.0  a constant 
slip is used so that the ultimate load is reached after 3 to 5 minutes of additional 
testing time. 
For the compression tests the load is applied via a hydraulic pump driven by hand. 
For the two other test set-ups the hydraulic pump is driven by a computer 
controlled program. 
A.2.3  Displacement Measuring 
Two ways of measuring the deformations are used. 
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Displacement Measuring Used to Determine the Properties of the Plate 
Element 
The deformation of the nail plates over the joint line is measured by two HBM 
DD1 displacement transducers (± 2.0 mm) - one on each side, see figure A.7. 
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Flexible knife blade 
Replaceable  
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Joint line Knife blade 
Knife blade 
 
Figure A.7. Arrangement used to measure the deformation of the plate. 
The springs press the four knife blades to the nail plates and ensure that the blades 
are fixed to the points where they are in contact with the nail plates. The 
displacement between the two blades on either side is measured via a strain gauge 
attached to the flexible knife blade. 
The arrangement is always located in such a way that the measured deformation of 
the nail plate is parallel to the force direction. One of the knife blades on each side 
is stiffly connected to the steel member that connects the blades. The steel members 
have a length of 100 mm when the angle between the joint line and the force 
direction is 60° - otherwise the steel members are replaced so their length is 50 
mm. It is assumed that the measured deformation is the deformation of the 
corresponding plate element, i.e. the nail groups on each side of the joint line act 
like stiff bodies. 
For the six tension test series (TP_0_0_0 → TP_X_0_X → TP_150_0_150), where 
the joint line is parallel to the force direction, two extension steel parts are fastened 
to two of the blades so that the measured deformation is still the deformation of the 
nail plate parallel to the force direction. 
For some of the tensile test specimens the failures were brittle. This destroyed one 
DD1 displacement transducer and after this event the tests were stopped after the 
plates became plastic, but before the ultimate load was reached. 
The method described above to measure the deformation of the plate is found to be 
very precise and it is very easy to attach the transducers to the test specimen. The 
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measured deformations of the plate on each side of the specimen are very alike as 
shown in figure A.8. 
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Figure A.8. Load-displacement curves for each of the two DD1 transducers (shown 
for the compression test series CP_210_0_120). 
In some preliminary compression tests the deformation of the plate is measured as 
illustrated in figure A.9. The extension steel bars are attached to the displacement 
transducers at one end and to the nail plate at the other end (via a small mark on the 
surface of the nail plate). The arrangement holding the displacement transducers in 
place is fastened to the timber with a screw. 
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Figure A.9. One way of measuring the deformation of the plate that did not perform 
well. To the right the differences between the displacement transducers on each 
side are shown. 
For some reason this method of measuring the deformation of the plate gives some 
results that are obviously misleading, see figure A.9 right. This may be explained 
by the fact that even a relatively small horizontal movement (bending) at the 
midpoint of the test specimen in the z-direction will result in a shortening of one of 
the long displacement transducers and an elongation of the other long displacement 
transducer. This error of measurement has a value up to 1/3 of the horizontal 
movement. The error is caused by the extension steel bars that form an angle with 
the timber. Bending around the weak axis of the timber could cause the horizontal 
movement that leads to the error. 
The load-displacement curve in figure A.9 is not the worst case - in other cases the 
difference between the displacement transducers on one side of the specimen gave 
negative values. This means that the transducer with the short extension bar 
measures a displacement that is larger than that measured by the transducer with 
the long extension bar! 
Displacement Measuring Used to Determine the Properties of the Nail 
Element 
The displacements are measured as shown in figure A.10. 
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Figure A.10. Measuring method for determining the anchorage properties. 
The brass bar is attached to the displacement transducer at one end and to the centre 
of the anchorage area at the other end. This way of measuring the displacements 
ensures that no deformation of the plate over the joint line is included in the 
measuring. 
A.2.4  Data Collecting System and Handling of Test Results 
The load and the displacements are measured and stored approximately twice every 
second. 
As mentioned earlier the displacements are measured on both sides, however, the 
average of these displacements is used when determining the properties for the nail 
and plate element. 
The results from the tests have not been modified or adjusted according to the 
actual thickness and to the actual yield stress of the nail plates as described in EN 
1075 (1999). Measurements of the thickness of some of the nail plates have shown 
that the thickness only differs very little from 1 mm. The yield stress may, 
however, have a greater effect on the test results and on the comparisons with 
TRUSSLAB calculations. The reason why the actual yield stress has not been 
determined is that the tested nail plates are probably produced from many different 
coils of steel and it would have been a huge job to get and to test steel specimens 
from all these coils 
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A.3  Conclusions 
The timber is conditioned according to EN 1075 (1999), but it may be discussed if 
the storage periods in the conditioning room were long enough to achieve the 
described conditions. The timber used for the tests with the GNT150S nail plate 
have not been stored according to EN 1075 (1999), since the specimens were 
manufactured when the moisture content of the timber were in the range 10-14%. 
For some of the specimens it has been necessary to reinforce the anchorage of the 
nails and to weaken the plate to achieve plate failure. 
A special displacement measuring method has been used. It is easy and fast to 
attach the arrangement to the specimens. 
The test results have not been modified according to the actual thickness and the 
actual yield stress of the nail plate. 
Inaccurate location of the nail plate has been observed for some of the test 
specimens. If the inaccuracy is assumed to have a greater impact on the test results, 
the specimen is not tested. 
Some of the plate tension tests were stopped before the ultimate load was reached 
in order not to damage the displacement transducers. 
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B  Pictures from Tests with Nail Plates 
 
In this appendix some pictures from the test series with the nail plate type GNA20S 
are shown. The pictures are arranged according to the three groups: tension, 
compression and anchorage tests. 
B.1  Tension Tests 
 
Figure B.1. Tension test series TP_90_0_90. 
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Figure B.2. Tension test series TP_120_0_180, TP_90_0_120, TP_30_0_120 and 
TP_90_0_180. 
 
Figure B.3. Tension test series TP_30_0_90, TP_330_0_180, TP_60_0_150 and 
TP_60_0_60. For the series TP_60_0_60 timber failure occurred when the 
specimen was forced to failure. The timber failure developed after the plate had 
become plastic.  
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B.2  Compression Tests 
 
Figure B.4. Typical compression failure where the plate buckled. In some cases the 
buckling line did not follow the joint line. 
B.3  Anchorage Tests 
 
Figure B.5. Anchorage test series SA_90_60_-30. 
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Figure B.6. Anchorage test series SA_90_60_-30. 
 
Figure B.7. Anchorage test series SA_30_90_-60. 
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Figure B.8. Anchorage test series SA_90_30_-60. 
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C  Test Description of Tests with Knee Joints 
 
Some properties of the test material used for the knee joints are determined and the 
test set-up is described. Furthermore, detailed drawings of the different types of 
knee joints are shown. 
C.1  Test Material 
The timber used for the knee joints is Swedish spruce of strength class K-24 (S10) 
with a thickness of 45 mm. The timber is visually graded at the truss plant. 
The timber is supplied in two different dimensions: 45x120x2400 mm (40 beams) 
and 45x245x4800 mm (70 beams). After measuring the modulus of elasticity the 
beams are cut into parts needed for the different types of knee joints. 
The density of the timber is converted to a moisture content on 12% according to 
DS/EN 384 (1995). The corrected mean density 12ρ  and the corrected 5-percentile 
k,12ρ  are listed in table C.1 together with the corresponding values from the Danish 
timber code, DS 413 (1998). 
 120 mm beams 245 mm beams DS 413 (1998) 
12ρ  527 kg/m3 433 kg/m3 420 kg/m3 
k,12ρ  460 kg/m3 385 kg/m3 350 kg/m3 
Table C.1. Density of the timber beams used for the knee joints. 
When comparing the values in the table it is seen that the quality for the 120 mm 
beams is quite high. 
C.1.1  Modulus of Elasticity of the Timber Beams 
The modulus of elasticity of the timber beams is determined according to DS/EN 
408 (1995). The modulus of elasticity is determined as the mean of two tests – one 
where the beam is bent up and one where the beam is bent down (both tests are 
made for bending around the strong axis). 
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When measuring the modulus of elasticity the beams had a moisture content of 
approximately 16% due to the fact that they were stored at o20  and 85% relative 
humidity and not at o20  and 65% relative humidity for time saving reasons. The 
values of the modulus of elasticity are used in the TRUSSLAB models and the 
measured value for each individual beam is therefore converted so that it 
corresponds to the moisture content of the beam at the time when the knee joints 
were tested. The calculations are performed according to DS/EN 384 (1995) where 
a 1% change of the moisture content of the timber results in a change of 2% in the 
modulus of elasticity. 
For comparison the values are converted to a moisture content of 12% according to 
DS/EN 384 (1995). The corrected mean density 0E  and the corrected 5-percentile 
kE ,0  (determined by listing all the values – not by multiplying by 0.67 as suggested 
in DS/EN 384 (1995)) are listed in the table below together with the corresponding 
values for from the Danish timber code, DS 413 (1998). 
 120 mm beams 245 mm beams DS 413 (1998) 
0E  15100 MPa 10750 MPa 10500 MPa 
kE ,0  11800 MPa 7900 MPa 7000 MPa 
Table C.2. Modulus of elasticity - corrected to a moisture content of 12% - for the 
timber beams used for the knee joints. 
Again the values show that the quality of the 120 mm beams is quite high. 
During the cutting and the manufacturing process the timber parts are marked so 
that it is possible to determine the modulus of elasticity for each individual timber 
beam in the knee joints. 
C.2  Test Equipment 
The tests were performed at the Structural Research Laboratory at Aalborg 
University with a special test set-up. 
C.2.1  Test Arrangement 
A drawing of the test arrangement is shown in figure C.1. 
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Figure C.1. Test set-up for tests with knee joints. The statical system is shown as 
well. 
The stiffening is adjusted to fit each knee joint and it is used to ensure that the knee 
joints are not twisting or bending out of the plane. The ends of the stiffening are 
mounted with teflon. 
C.2.2  Application of Load 
The load is applied according to DS/EN 26 891 (1993) as illustrated in figure C.2. 
 
Figure C.2. Loading procedure for the knee joints. 
The load is applied at a constant rate of estP2.0  per minute (± 25%) if the load is 
below estP7.0 . If the load is above estP7.0  a constant slip is used so that the 
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ultimate load of the knee joint is reached after 3 to 5 minutes of additional testing 
time. 
A computer program controls the load by adjusting the movement of the load 
cylinder several times per second. 
When the behaviour of a knee joint has become plastic or when it is estimated that 
the load capacity of the joint is close to failure, the displacement transducers are 
dismounted and the knee joint is again loaded manually until failure occurs. The 
ultimate load level is registered manually. 
C.2.3  Displacement Measuring and Data Collection 
The displacements are measured at five different locations, but only three of them 
are used for comparison. The locations of these three transducers are shown in 
figure C.3 and figure C.4. 
 
Figure C.3. Location of displacement transducers. 
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Figure C.4. Displacement transducers. 
The transducers are of the type HBM1-WA with a measuring-range of ±50 mm, 
±20 mm and ±10 mm at the locations 1, 2 and 3, respectively. 
The load and the displacements are measured and stored approximately twice every 
second. 
C.3  Drawings of Knee Joint Test Specimens 
Dimensions are in mm and if nothing else is noted the nail plates are located 5 mm 
from the timber edges. Figure C.29 shows the dimensions for the specially cut nail 
plates. 
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Figure C.5. Test specimens A20. 
 
Figure C.6. Test specimens A150. 
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Figure C.7. Test specimens B20. 
 
Figure C.8. Test specimens B150. 
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Figure C.9. Test specimens C20. 
 
Figure C.10. Test specimens C150. 
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Figure C.11. Test specimens D20. 
 
Figure C.12. Test specimens D150. 
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Figure C.13. Test specimens E20. 
 
Figure C.14. Test specimens E150. 
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Figure C.15. Test specimens E150-2P. 
 
Figure C.16. Test specimens ET150-2P. 
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Figure C.17. Test specimens ET150. 
 
Figure C.18. Test specimens F150. 
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Figure C.19. Test specimens F150-2R. 
 
Figure C.20. Test specimens G150. 
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Figure C.21. Test specimens H150-2R. 
 
Figure C.22. Test specimens I150. 
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Figure C.23. Test specimens J150. 
 
Figure C.24. Test specimens JT150. 
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Figure C.25. Test specimens J150-2P. 
 
Figure C.26. Test specimens JT150-2P. 
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Figure C.27. Test specimens K20. 
 
Figure C.28. Test specimens KT20. 
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Figure C.29. Special nail plates used for the test series A20, A150, B20, B150, 
C20, C150, D20, D150, E20, E150, ET150, E150-2P, ET150-2P, J150, JT150, 
J150-2P, JT150-2P. 
C.4  Conclusions 
The timber is stored at o20  and 85% relative humidity before the modulus of 
elasticity is measured and is therefore converted to the actual moisture contents of 
the timber at the time when the knee joints are tested. 
No errors are found in the location of the nail plates. 
The stiffening arrangement is able to prevent the knee joints from twisting and 
bending out of the plate. 
The tests are stopped before failure occurs and the displacement transducers are 
dismounted. After this the knee joints are tested to failure and the ultimate load is 
registered.
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D  Calculation of Knee Joints 
 
A method to calculate the strength of the knee joint types ET150, J150, JT150, K20 
and KT20 is given in this chapter. The three first-mentioned types of knee joints are 
considered since they are the most promising designs. The series K20 and KT20 
are considered since the calculation method should also be able to predict the load 
capacities for these series, because they are almost identical with the series J150 
and JT150, respectively (the nail plate type is different). 
The calculation method is meant as a design tool for use by truss manufacturers. 
The load capacities predicted by the calculation method are compared with the 
results from the knee joint tests. The failure modes for most of the considered knee 
joints are splitting of the timber or bending failure in the timber. Therefore, if the 
calculation method predicts load capacities that do not exceed the ultimate loads 
determined by testing, the calculated capacities of the knee joints are considered to 
be on the safe side. The knowledge of splitting is not so widespread that any kind 
of splitting check has been implemented in the calculations. 
In general it is intended to perform calculations with sectional forces achieved from 
a finite element model, where the knee joint is assumed to be stiff, see e.g. chapter 
6. The displacements of the frame truss can also be estimated using such a finite 
element model. As shown in chapter 6 the differences are less than 10%, when 
comparing the displacements using a finite element model with semi-rigid joints to 
a model, where the knee joints are stiff. 
To compare the calculations with the test results, the calculations in section D.1.1 
are performed using the formulas for the plate and anchorage capacities in 
Eurocode 5 (2001) and mean strength values. The timber strength values are mean 
values as well – determined from DS 413 (1998). 
To give an estimate of the design moment capacity of the knee joints, the 
calculations in section D.1.2 are performed using the formulas for the plate and 
anchorage capacities in Eurocode 5 (2001) and design values of the strength of the 
nail plate. The timber strength values are design values given by DS 413 (1998). 
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D.1  Calculation Method 
In the method the leg is considered to be one single beam, even though some of the 
tested knee joints consist of two or three beams. This assumption requires that the 
legs are connected by a sufficient number of nail plates – see the suggestion in the 
conclusion. 
The sectional forces at the middle of the joint line are considered, see figure D.1. 
VM
N
V
M
Nail
plate
 
Figure D.1. Sectional forces from the finite element model. 
The bending moment and the axial force are converted to the forces 1N  and 2N , 
see figure D.2. For the load case analysed the force 2N  is a tension force and 1N  is 
a compression force. The tension force 2N  and the shear force V  are assumed to 
be transferred by the nail plates over the outer 1/3 of the width of the leg (measured 
horizontally) – denoted the tension zone. The compression force 1N  is transferred 
through the inner 60 mm of the joint line (measured horizontally) – denoted the 
compression zone, see figure D.2 (only the forces on the leg are shown). 
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Figure D.2. Assumed force distribution in the joint line. 
50% of 1N  is transferred via compression in the nail plates and 50% of 1N  is 
transferred via contact between the timber members.  
The contact force between the timber members is converted to a force perpcF ,  
perpendicular to the grain direction of the rafter and a force parcF ,  parallel to the 
joint line. This is shown in figure D.3. Possible stress distribution in the rafter is not 
taken into account. The force parcF ,  is transferred by the remaining parts of the nail 
plates located between the outer 1/3 of the width of the leg and the inner 60 mm – 
denoted the shear zone. 
The nail plates, where 50% of the compression force 1N  is transferred, are assumed 
to be centrally loaded, even though the nail plates may be located 10 mm from the 
edge of the inner side of the leg. The anchorage areas for transferring 50% of 1N  
are determined as the area of the nail plates located within 60 mm from the inner 
side of the leg. These areas are shown by hatched areas in figure D.3. 
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Figure D.3. The distribution of the contact forces results in an “extra” force along 
the joint line. At the right-hand side only the forces on the rafter are considered. 
Similar to the compression zone, it is assumed that the nail plate areas located in 
the tension zone (shown by hatched areas) can transfer the force 2N  and the shear 
force V . 
D.1.1  Calculation of Knee Joint Type ET150 Using Mean Values 
In this section a calculation of knee joint type ET150 is performed using mean 
values for the strength of the timber and the nail plates. The relevant mean values 
are listed in table D.1. 
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Timber Plate Anchorage 
90,cσ  5.0 N/mm2 0,tf  384 N/mm 0,0,af  440 N/nail 
  0,cf  239 N/mm 90,90,af  620 N/nail 
  90,tf  108 N/mm Nail density 0.00672 Nails/mm2 
  90,cf  141 N/mm 1k  -1.22 N/nail per º 
  0,vf  111 N/mm 2k  1.00 N/nail per º 
  90,vf  131 N/mm 0α  90º 
  0γ  0   
  vk  0   
Table D.1. Mean values used in the calculations. 
The mean values of the timber strength (K24) are based on the values in DS 413 
(1998) and the strength values of the plate and anchorage capacity are based on the 
performed tests, see e.g. chapter 4. 
The x and y-directions of the nail plate are seen in figure 3.3 on page 44. 
The sectional forces at point A are given for a horizontal force on 10 kN using a 
finite element model of the frame section shown in figure D.4. To determine the 
capacity of the knee joint a factor Χ  is introduced. This factor indicates how much 
the load level can be increased before the utilisation of the considered part of the 
joint is equal to 1.0 (if a nail plate is subjected to a tension force of 7000 N and the 
capacity of the nail plate in tension is 20000 N, then 86.2N 7000
N 20000 ==Χ ). 
 
Figure D.4. Model for determination of the sectional forces at the middle of the leg. 
The sectional forces are kNm 16.3−=M , kN 48.8−=N  and kN 30.5−=V . 
The geometry of the knee joint is shown in figure D.5. 
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Figure D.5. Geometry of ET150. Dimensions in mm. 
When taking the displacement of V into account, the bending moment 'M  is 
determined by: 
 kNm -2.65m 0.097' =⋅−= VMM  (D.1) 
1N , 2N  and V  are determined by (equivalence conditions): 
 kN 38.16
m 212.0
m 097.0
m 212.0
'
1 =−−= N
MN  (D.2) 
 kN 90.7
m 212.0
m 115.0
m 212.0
'
2 =+−= N
MN  (D.3) 
 kN 30.5−=V  (D.4) 
Compression zone: 
The timber in the rafter is subjected to compression perpendicular to the grain 
direction, which is more critical than the situation in the leg where the compression 
forms an angle to the grain direction. The compression force is given by: 
 kN 5.79)45(sinkN 38.165.0, =⋅⋅=
o
perpcF  (D.5) 
The compression stresses are given by: 
Calculation of Knee Joints 
 237
 290,
2
)45cos(
mm60, N/mm 0.5N/mm 51.1mm45
N 5790
=≤=
⋅
= cperpc σσ
o
 (D.6) 
The factor Χ  is given by: 
 31.3
N/mm 51.1
N/mm 5.0
2
2
==Χ  (D.7) 
The compression force that must be transferred through the nail plates is 
kN 8.19kN38.165.0 =⋅ . The capacity of the two nail plates is given by: 
 




=⋅⋅⋅
=⋅⋅⋅
=
N 13320)cos(2
N 28680)sin(2
max
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0,
γ
γ
lf
lf
R
v
c
x  (D.8) 
where oo 45 and )45cos(
mm 60 == γl . 
The factor Χ  is given by: 
 50.3
N 8190
N 28680
==Χ  (D.9) 
The anchorage capacity for the nail plate areas on the leg is less than the anchorage 
capacity of the nail plate areas on the rafter. The area A  of the two anchorage areas 
on the leg is given by: 
 2mm 16200mm 135mm 602 =⋅⋅=A  (D.10) 
The actual shear stress Fτ  is given by: 
 22 N/mm 51.0mm 16200
N 8190
==Fτ  (D.11) 
For the considered nail groups o0== βα  and the anchorage capacity is given by: 
 220,0, N/mm 95.2nails/mm 0.00672N/nail 440 =⋅=af  (D.12) 
The factor Χ  is given by: 
 78.5
N/mm 0.51
N/mm 2.95
2
2
==Χ  (D.13) 
Tension zone: 
The nail plates in the tension zone are subjected to a tension force of 7900 N in the 
x-direction and a tension force of 5300 N in the y-direction. The capacity of the nail 
plates in the tension zone is given by: 
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where oo 45 and )45cos(
mm 97 == γl . 
The factor Χ  is determined as 4.25 from the formula: 
 0.1N5300N7900
22
=






 ⋅Χ
+




 ⋅Χ
yx RR
 (D.16) 
The anchorage capacity for the nail plate areas on the leg is less than the anchorage 
capacity of the nail plate areas on the rafter – even though the value of βα ,,af  is 
smaller on the rafter. The two nail groups are subjected to the force and moment 
shown in figure D.6. 
V
2N
MA
FA
F  = 9.51 kNA
M  = 0.36 kNmA
a =b = 34
a,b
97
135
 
Figure D.6. Loads on anchorage areas in the tension zone. 
The area A  of the two anchorage areas on the leg is given by: 
 2mm 26190mm 135mm 972 =⋅⋅=A  (D.17) 
The plastic rotational section modulus for the two nail plate areas is determined by 
the approximation (from Eurocode 5 (2001)): 
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2
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mm 10088.1
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
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

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h
h
AA
Wp  (D.18) 
where h (97 mm) is the maximum height of the anchorage area perpendicular to the 
longest side, and the area A  is given by half of the value given in formula (D.17). 
The anchorage capacity 34,34,af  is determined as 3.80 N/mm
2. The actual stresses 
are given by: 
 2N/mm 36.0==
A
FA
Fτ  (D.19) 
 2N/mm 33.0==
p
A
M W
M
τ  (D.20) 
The factor Χ  is determined to 6.94. 
Shear zone: 
The force kN 79.5, =parcF  is transferred through the shear zone. The load is 
transformed into a compression force of 4.09 kN in the x-direction of the nail plate 
and a tension force of 4.09 kN in the y-direction. The length of the joint line 
measured horizontally is 133 mm. 
The capacities of the nail plate are given by: 
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where oo 45 and )45cos(
mm 133 == γl . 
The factor Χ  is determined as 7.46. 
For the anchorage capacity of the nail groups the factor Χ  is determined as 15.10. 
Summary: 
According to the calculations above, the capacity of the knee joint type ET150 is 
dominated by compression in the rafter perpendicular to the grain direction. The 
factor Χ  is determined as 3.31, which corresponds to the following capacity of the 
joint (with mean values of the strength parameters): 
kNm 5.10−=M   kN 1.28−=N   kN 5.17−=V  
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The maximum horizontal load that can be applied is 33.1 kN, see figure D.4. 
D.1.2 Calculation of Knee Joint Type ET150 Using Design Values 
To give an estimate of the design capacity of knee joint type ET150 the 
calculations in section D.1.1 are repeated with design values of the strength 
properties. 
The calculations are based on normal safety class, K24 timber quality and the load 
is assumed to be a snow load. The design values for the timber strength are from 
DS 413 (1998). 
There are no Danish approvals of the GNT150S and the GNA20S nail plates that 
can be used with the expressions in Eurocode 5 (2001). Therefore, the strength 
values used for the nail plate are composed of values from the Danish Approval – 
see Boligministeriet, Bygge- og boligstyrelsen, MK-Godkendelse, (1996), the 
Swedish Approval – see Typgodkännandebevis 5019/86 (2001) and from the test 
results in chapter 4. The partial safety factors are taken from the Danish steel code 
DS 412 (1998) and the Danish timber code DS 413 (1998). The partial safety factor 
for the plate values is determined as 1.43 and the partial safety factor for the 
anchorage capacity is determined as 1.64. The design values are listed in table D.2. 
Timber Plate Anchorage 
dc ,90,σ  1.71 N/mm2 dtf ,0,
*) 303 N/mm daf ,0,0,
*) 204 N/nail 
  dcf ,0,
+) 129 N/mm daf ,90,90,
*) 132 N/nail 
  dtf ,90,
*) 91 N/mm Nail density 0.00672 Nails/mm2 
  dcf ,90,
+) 112 N/mm 1k
 o) -1.22 N/nail per º 
  dvf ,0,
*) 91 N/mm 2k
 o) 1.00 N/nail per º 
  dvf ,90,
*) 103 N/mm 0α
 o) 90º 
  0γ
 o) 0   
  vk
 o) 0   
Table D.2. Design values used in the calculations. The values from the Danish 
approval are indicated by *), the values from the Swedish approval are indicated by 
+) and the values from the tests in chapter 4 are indicated by o). 
It should be noted that there are inconsistencies in the values in table D.2 – e.g. the 
values of 1k , 2k  and 0α  are determined by the tests in chapter 4, whereas the 
values of daf ,0,0,  and daf ,90,90,  are from the Danish approval. They should have 
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been determined from the same tests, however, such tests have not yet been 
performed. 
From calculations it is concluded that compression perpendicular to the rafter is the 
controlling part. The factor Χ  is determined as 1.13, which corresponds to the 
following capacity of the joint (with design values of the strength parameters): 
kNm 6.3−=dM   kN 6.9−=dN   kN 0.6−=dV  
The design values listed above correspond to sectional forces at the middle of the 
joint line between the leg and the rafter. Normally the truss producers only use nail 
plates in knee joints with a design value of the bending moment less than 2.5 kNm. 
However, this value corresponds to the node in the finite element model, where the 
beam element of the leg intersects the beam element of the rafter. When taking this 
into account the values listed above correspond to: 
kNm 6.4−=dM   kN 6.9−=dN   kN 0.6−=dV  
at the intersection between the beam element of the leg and the beam element of the 
rafter. 
Since compression perpendicular to the grain direction of the rafter is the 
dominating part of the knee joint the inconsistencies in some of the strength values 
of the nail plate become more insignificant. 
D.2  Results from Calculations Versus Test Results 
The results from the calculations of the different types of knee joints versus the test 
results are listed in table D.3. The results are presented as the maximum value of 
the horizontal load, see figure D.4. Results from the two series E20 and E150 are 
not shown in the table, because the calculation model is not suitable for these types 
of knee joints. This is caused by the assumption in the calculations that the nail 
plates in the compression zone must transfer 50% of the compression force. 
However, the nail plates in the compression zone for the test series E20 and E150 
are too small and their capacities are low. 
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Knee joint type Test results Calculation results 
(using mean 
strength values) 
Calculation results 
(using design 
strength values) 
ET150 41 kN 33.1 kN 11.3 kN 
J150 42 kN 42.4 kN 14.5 kN 
JT150 35 kN 33.1 kN 11.3 kN 
K20 37 kN 27.3 kN 13.3 kN 
KT20 27 kN 21.2 kN 10.2 kN 
Table D.3. Results from calculations versus test results. 
For the series ET150, J150 and JT150 the controlling part of the joints is 
compression perpendicular to the grain direction of the rafter. The series K20 and 
KT20 are dominated by the capacity of the nail plates in the compression zone. 
D.3  Conclusions 
The aim of this section is to give a calculation method to predict the strength of 
knee joints. Some comments on the calculation method are given: 
• The method requires sufficient deformation capacity in the nail plates to 
achieve the assumed force distributions. It is assumed that the deformation 
capacity is sufficient for nail plates. 
• The extensions of the tension and compression zones (1/3b and 60 mm, 
respectively) are chosen, since these values result in joint capacities 
relatively close to the capacities determined by testing. 
• To ensure high stiffness, stress distribution in the rafter is not considered (in 
the compression zone). The capacity of the compression zone is assumed to 
be reached when the stresses (calculated on the surface of the rafter) reach a 
certain level. If the stresses were calculated at the centre of the rafter 
assuming a distribution of the stresses, then this would cause that larger 
compression forces can be transferred. It will, however, also result in larger 
deformations before the ultimate load level would be reached. 
• Even though the calculation method does not utilise the nail plates fully the 
sizes of the nail plates should not be decreased, because it will decrease the 
stiffness of the knee joints – see the suggested design of a knee joint later in 
this section. 
• Friction forces between timber members are not taken into account. 
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• In the calculation method both the nail plate and the timber members are 
used to transfer the force in the compression zone The compression zone is 
given a fixed width of 60 mm. Furthermore, stress distribution in the rafter is 
not taken into account. These things ensure that the transferred compression 
force is kept under a certain limit, which reduces the risk of splitting in the 
leg near the inner corner. Moreover, the requirement that the nail plate must 
transfer 50% of the compression force ensures higher stiffness since the joint 
capacity is assumed to be reached when the plate starts buckling. 
When comparing the results from the calculation method with the test results for 
the knee joint types ET150, J150 and JT150, see table D.3, it is found that the 
calculation methods predict load capacities of the joints that are up to 20% lower 
than the test results, which is on the safe side. For the joint types K20 and KT20 the 
calculation predicts load capacities, that are up to 27% lower than those found by 
testing. The calculation method predicts lower capacities for the K-series compared 
with the J-series due to the fact that the GNA20S nail plate starts buckling in the 
compression zone at a lower load level than the GNT150S nail plate, which is also 
observed during testing. 
From the results of the calculation using design values it is found that the design 
moment capacity for e.g. joint type ET150 is 4.6 kNm. This is an increase of 84% 
compared to the value of 2.5 kNm that is the limit for some truss manufactures for 
producing frame trusses with knee joints made with nail plates. 
A suggestion for a knee joint is shown in figure D.7. 
 
Figure D.7. Suggestions for stiff and strong knee joints. Dimensions in mm. 
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The nail plates are located 10 mm from the inner and outer sides of the leg to 
prevent timber cracks during production. The outer nail plates must be located 
close to the top of the rafter to prevent splitting in the rafter. The timber members 
in the contact zone should be produced and assembled with high precision to ensure 
timber contact. To minimize the risk of splitting in the leg and to ensure that the 
two timber beams act as one beam, extra nail plates are used in the leg. 
The nail plates connecting the rafter and the legs can be replaced by two large nail 
plates (as knee joint type ET150). 
In the calculation method it is assumed that the inner part of the knee joint is 
subjected to compression and the outer part to tension. If the opposite situation 
occurs it is suggested to switch the extension of the zones so the outer compression 
zone becomes 60 mm wide and the inner tension is given a width of 1/3b. 
However, this situation is rarely seen in Denmark. 
It should also be noted that if the rafter is extended with an overhang it increases 
the capacity of the knee joint, since this reduces the risk of splitting in the rafter. 
The calculation method is only tested for a limited number of knee joints and only 
one load configuration is considered. The sectional forces used in this chapter are 
determined from a section of the frame truss. In the considered load configuration 
the values of the axial force and the shear force are, however, larger than the 
corresponding values considering a full frame truss, see table 6.3 on page 165. Full-
scale tests with different geometry of the knee joints and different geometry of the 
frame truss should be performed and the test results should be compared with the 
calculation method. Also, different load configurations should be considered. 
